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ABSTRACT
In support of an effort to determine the feasibility of using an in-situ bioremediation
strategy for cleanup of groundwater in an area containing chlorinated solvents present as a dense
non-aqueous phase liquid (DNAPL), the bacterial population in the groundwater at a Superfund
site located near Baton Rouge, Louisiana was characterized. More than 3×107 cells/mL in the
groundwater were observed via microscopy. Universal bacterial and “Dehalococcoides”-specific
16S rRNA gene libraries were constructed and analyzed. Universal clones grouped into 18
operational taxonomic units (OTUs), as defined by sequence similarity ≥97.0%, which included
several as yet undescribed organisms. Multiple unique sequences closely related to
“Dehalococcoides ethenogenes” were detected. Sequences of 168 anaerobically grown isolates
grouped into 18 OTUs, of which only three were represented in the clone library. Collectively,
these results revealed that large numbers of novel microorganisms are present in groundwater
within the DNAPL source zone, including bacteria closely related to known dechlorinators,
fermentors, and hydrogen producers. This suggests that the population contains the bacterial
components necessary to carry out reductive dechlorination.
To further characterize the functional role that they may play in chlorinated solvent
biotransformation, representatives from nine isolate OTUs and nine Clostridium type strains
were tested to determine their ability to fermentatively produce hydrogen in the presence of 1,2dichloroethane (DCA), 1,1,2-trichloroethane (TCA), and tetrachloroethene (PCE). All of the
strains produced hydrogen in the presence of at least 7.4 mM DCA, 2.4 mM TCA, and 0.31 mM
PCE. These results demonstrated that many Clostridium species are tolerant of chlorinated
solvents and can produce hydrogen even in the presence of high concentrations of this class of
contaminants. This suggests that Clostridum species may functionally support chlorinated
solvent bioremediation through intra-species hydrogen transfer.
vii

Four isolates were characterized using a polyphasic approach to establish their taxonomic
status. Three of the strains were phylogenetically and phenotypically identical. Phenotypic and
chemotaxonomic properties differentiated these isolates from their closest phylogenetic relative.
Phylogenetic analysis of the fourth strain revealed it was divergent from other Clostridium
species. Based on these results, two new Clostridium species are proposed with names of
Clostridium hydrogeniformans sp. nov. and Clostridium cavendishii sp. nov.

viii

CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW
1.1

Introduction
Chlorinated aliphatic ethanes and ethenes have been widely used as industrial solvents

and are produced on a large scale as intermediates for production of industrially important
chemicals (De Wildeman et al., 2003). Because of to spills and inappropriate past disposal
methods, these chlorinated compounds are prevalent groundwater and soil contaminants
throughout the world (Pankow & Cherry, 1996). Because of their high specific gravity and
relatively low water solubility, many chlorinated solvents are present in the environment as
dense non aqueous-phase liquids (DNAPLs) that serve as long-lasting and continuous sources of
groundwater contamination (Pankow & Cherry, 1996; Carr et al., 2000; Yang & McCarty, 2000;
Cope & Hughes, 2001; Yang & McCarty, 2002; Adamson et al., 2004). In the United States
alone, there are an estimated 25,000 subsurface contaminant plumes attributable to organic
solvent sources for which characterization and environmental remedies remain elusive (Abriola,
2005).
Until recently, microbial degradation in zones where chlorinated DNAPLs are present
was generally assumed to be negligible due to the presumed toxicity of high concentrations of
chlorinated compounds (Yang & McCarty, 2000, 2002). In recent years, however, laboratoryscale experiments have demonstrated that some anaerobic PCE-dechlorinating bacteria can
reductively dechlorinate chloroethenes in the presence of free-phase DNAPL (Nielsen &
Keasling, 1999; Carr et al., 2000; Cope & Hughes, 2001; Yang & McCarty, 2000, 2002; Dennis
et al., 2003). Furthermore, recent research using PCE as a model compound suggests that
DNAPL dissolution rates can be biologically enhanced by reductively dechlorinating
microorganisms (Yang & McCarty, 2000; Cope & Hughes, 2001; Adamson et al., 2004; Amos et
al., 2008). Identification of reductively dechlorinating bacterial populations that can degrade
1

chlorinated solvents in the presence of DNAPL chlorinated solvent and enhance chlorinated
DNAPL dissolution rates suggests that bioremediation of such sites can be incorporated as part
of the remediation remedy for cleanup of DNAPL at some contaminated wastes sites (Nielsen &
Keasling, 1999; Carr et al., 2000; Yang & McCarty, 2000; Cope & Hughes, 2001; Yang &
McCarty, 2002; Bradley et al., 2003; Dennis et al., 2003; Adamson et al., 2004; Abriola, 2005;
Amos et al., 2008). This has important ramifications for cleanup of contaminated sites because
source zone removal is often one of the most expensive aspects of remediation (Pankow &
Cherry, 1996). These discoveries are relatively recent, however, and development of
bioremediation strategies for the cleanup of DNAPL contaminated sites is currently in its
infancy.
Successful implementation of in-situ bioremediation over the last ten years has been
attributed to basic scientific discoveries that enhanced understanding of microbial ecology,
physiology, and phylogeny in contaminant biotransformation (Löffler & Edwards, 2006).
Despite this recent progress, the microbial communities that support reductive dechlorination
are, to date, largely uncharacterized. Research described in this dissertation was conducted to
characterize the bacterial population present in the DNAPL source zone at the PetroProcessors of
Louisiana, Inc. (PPI) Superfund Site and to investigate means through which bacteria from this
DNAPL source zone may contribute to contaminant biotransformation.
This chapter provides a literature review that includes an overview of biotransformation
of chlorinated aliphatic compounds (Section 1.2), a description of previous research regarding
bacterial tolerance of chlorinated solvents (Section 1.3), an outline of hydrogen-producing
microbial processes (Section 1.4), and a background summary of the sampling site (Section 1.5).
Research objectives are presented in Section 1.6. The organization of the remaining dissertation
chapters is outlined in Section 1.7.
2

1.2
1.2.1

Biotransformation of Chlorinated Aliphatic Compounds
Anaerobic Reductive Dechlorination
Biotransformation has been widely studied and applied for in-situ remediation of

chloroethanes and chloroethenes in cases where contaminants are present at relatively low
concentrations in groundwater plumes (Lorah & Olsen, 1999; Hendrickson et al., 2002). Under
anaerobic conditions, biotransformation of chloroethenes occurs through dehalorespiration,
whereby chlorinated ethenes serve as electron acceptors resulting in successive reductive
dechlorination. In cases where tetrachloroethene (PCE) is the parent contaminant, reductive
dechlorination can result in successive dechlorination reactions to produce trichloroethene
(TCE), dichloroethene (DCE), vinyl chloride (VC), and finally the non-toxic end product of
ethene. Chlorinated ethanes can also undergo successive reductive dechlorination reactions,
though with more diverse pathways (Chen et al., 1996; Lorah & Olsen, 1999). Because
chloroethenes and chloroethanes serve as terminal electron acceptors, an electron donor is
required in dehalogenating microorganisms’ energy metabolism (Cupples et al., 2003).
In recent years, several bacteria capable of reductive dechlorination have been isolated in
pure culture. These include Dehalobacter restrictus (Holliger et al., 1998), Sulfurospirillum
multivorans

(formerly

Dehalospirillum

multivorans)

(Neumann

et

al.,

1994)

and

Sulfurospirillum halorespirans (Luijten et al., 2003), Desulfuromonas chloroethenica
(Krumholtz, 1997), “Geobacter lovleyi” (Sung et al., 2006) and “Dehalococcoides” sp. (MaymóGatell et al., 1999; He et al., 2003), the only group of microorganisms isolated in pure culture
that can reductively dechlorinate vinyl chloride to ethene.

3

1.2.2

Hydrogen-Producing Electron Donors
Although some dehalogenating bacteria can use organic substrates as electron donors

(e.g. acetate), several dehalogenating bacteria (e.g. Dehalobacter restrictus, Desulfitobacterium
sp. strain PCE-1, Dehalospirillum multivorans, and “Dehalococcoides ethenogenes”) apparently
require molecular hydrogen (H2) as as an electron donor (Scholz-Muramatsu et al., 1995;
Gerritse et al., 1996; Maymó-Gatell et al., 1997; Holliger et al., 1998; Löffler et al., 1999).
Consequently, H2 is generally regarded as the major electron donor for dehalogenation of
chlorinated compounds in mixed microbial communities (DiStefano et al., 1992; Gibson and
Sewell, 1992; Scholz-Muramatsu et al., 1995; Löffler et al., 1999; Luijten et al., 2004). It was
observed in mixed cultures that organic compounds such as short chain fatty acids and alcohols
are oxidized by anaerobic microorganisms, and that the hydrogen produced in the process serves
as electron donor for reductive dehalogenation (Fennel et al., 1997). Thus, dehalogenating
bacteria likely depend on hydrogen-producing fermentative bacteria for growth, and the
dehalogenating bacteria have to compete with other hydrogen-consuming bacteria, such as
methanogenic archaea, for hydrogen in mixed cultures. In cases where hydrogen is not directly
supplied as an exogenous electron donor, the presence of a supply of fermentable carbon
substrate and hydrogen-producing fermentors is likely essential to the efficacy of anaerobic
biodegradation of chlorinated solvents (Holliger et al., 1998; He et al., 2002; Bradley, 2003). In
environments where volatile fatty acids are the substrates for fermentation, hydrogen-producing
organisms rely on hydrogenotrophic organisms, such as dehalogenating organisms and
methanogens, to maintain the hydrogen partial pressure low enough for the fermentation to be
thermodynamically favorable (Aulenta et al., 2006).
Bacteria known to produce hydrogen through fermentation include many clostridia, such
as Clostridium sp. no 2 (Taguchi et al., 1993), C. paraputrificum M-21 (Evvyernie et al., 2000)
4

and C. butyricum (Heyndrickx et al., 1986), thermophilic anaerobic bacteria, such as
Thermotoga maritima (Schröder et al., 1994) and Thermotoga elfiee (van Niel et al., 2002), strict
anaerobes like rumen bacteria (e.g. Ruminococcus albus) and facultative anaerobes such as E.
coli, Enterobacter, and Citrobacter (Vrije de & Claassen, 2003). Some sulfate and sulfur
reducers can also fermentatively produce hydrogen, but only under low sulfate conditions
(Traore et al., 1981).
1.2.3

Dechlorinating Microbial Community
During in-situ anaerobic bioremediation of chlorinated aliphatic compounds, it is

hypothesized that syntrophic interactions such as interspecies hydrogen transfer among microbial
community members play a critical role in contaminant biotransformation. For example, growth
of “Dehalococcoides ethenogenes” strain 195 apparently requires growth factors contained in
anaerobic sludge supernatant as well as molecular hydrogen (Maymó-Gatell et al., 1997).
Microbial community structure has been reported for several enrichment cultures capable of
reductively dehalogenating chlorinated ethenes (Duhamel et al., 2002; Richardson et al., 2002;
Dennis et al., 2003; Rossetti et al., 2003; Gu et al., 2004), chlorinated propanes (Schlötelburg et
al., 2002) or chlorinated benzenes (von Wintzingerode et al., 1999). These data provide some
clues about which organisms may be syntrophically linked to dechlorinating organisms, but
structure-function relationships remain poorly understood, and the hydrogen-producing members
of the population generally have not been identified.
With few exceptions (e.g., Macbeth et al., 2004; Rahm et al., 2006), microbial
populations reported to date have been enriched over long time periods in laboratory systems
with chlorinated solvent concentrations far less than saturation levels (i.e., in the absence of
DNAPL) and in the presence of a readily available supply of electron donors (e.g., H2) (Duhamel
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et al., 2002; Richardson et al., 2002; Rossetti et al., 2003; Dennis et al., 2003; Gu et al., 2004).
Because of these selective pressures, the microbial populations are not necessarily representative
of in-situ populations (Macbeth et al., 2004). Little research has been published on
characterization of in-situ microbial populations at chlorinated solvent contaminated sites in
general and much less information is available regarding microbial populations from areas
contaminated by chlorinated ethanes and solvent mixtures (as opposed to only chlorinated
ethenes).
The microbial ecology, physiology, and phylogeny of the microbial community that
supports reductive dechlorination is to date, largely uncharacterized. An understanding of the
structure and function of the supporting microbial community could potentially provide the
insights into strategies for manipulating the microbial environment to optimize for conditions
conducise to best achieving reductive dechlorination. This is important because typically, natural
biotransformation rates have been too slow to attenueate contaminant loads, leading to persistent
solvent plumes (Abriola, 2005).
1.3

Bacterial Tolerance to Chlorinated Solvents
It is known that organic solvents are generally toxic to microbial cells even at low

concentrations of 0.1% (v/v) (Sardessai & Bhosle, 2002). Because of their hydrophobic nature,
organic solvents are considered toxic because they partition into bilipid membranes and disrupt
the structural and functional properties of cell membranes (Sikkema et al., 1995). In general,
greater concentrations of solvents in cellular membranes cause greater detrimental effects on
membrane function and cells’ ability to perform biochemical functions (Isken & De Bont, 1998;
Sardessai & Bhosle, 2002). Solvent accumulation and toxicity have been correlated to solvents’
water solubility and hydrophobicity as measured by the partition coefficient in a standard
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octanol/water system, log Kow (Sikkema et al., 1995). Log Kow is often used to predict
biocompatibility of a solvent, with low values between 1.5 and 4 indicating high toxicity for
microorganisms (Inoue & Horikoshi, 1991). Several categories of organic solvents have been
shown to follow this trend, including alcohols, alkanes, aromatics, and phenols (Laane et al.,
1987; Osborne et al., 1990; Sierra-Alvarez & Lettinga, 1991; Sikkema et al., 1994; Sikkema et
al., 1995). Many chlorinated solvents have log Kow values within the highly toxic range.
Examples include common groundwater contaminants perchloroethene (PCE), trichloroethene
(TCE), and trichloroethane (TCA) with log Kow values of 2.53, 2.42, and 2.35, respectively.
Using this rationale, groundwater adjacent to chlorinated solvent DNAPLs is predicted to be
toxic due to the high concentrations of these solvents dissolved in the water under equilibrium
conditions.
Despite the potential toxicity of organic solvents, several organic solvent-tolerant bacteria
have been isolated. Most of these solvent-tolerant isolates are Gram-negative bacteria, for which
a set of solvent-tolerance mechanisms have been broadly researched and are well described
(Sikkema et al., 1995; Isken & de Bont, 1998; Ramos et al., 2002). It has been proposed that
Gram-negative bacteria are more tolerant to organic solvents than Gram-positive bacteria
because they have an additional outer membrane which acts as a barrier to chlorinated solvents,
and that barrier can be quickly modified, allowing for adaptation (Ramos et al., 2002). Despite
the fact that Gram-positive bacteria lack an outer membrane, some solvent-tolerant Grampositive bacteria have also been isolated and studied. For example, Staphylococcus and
Enterococcus species were found to be tolerant of cyclohexane, p-xylene, toluene, and benzene,
with levels as high as saturation being tolerated by Staphylococcus species (Nielsen et al., 2005).
Rhodococcus species have also been found to be benzene and toluene-tolerant and to utilize
benzene for growth (Paje et al., 1997). Some Bacillus species were reported to be both benzene
7

and toluene-tolerant (Moriya & Horikoshi, 1993; Abe et al., 1995; Isken & de Bont, 1998). An
Arthrobacter species was found to be tolerant to benzene (Sardessai & Bhosle, 2002) and
Clostridium species have been studied for their tolerance to butanol (Baer et al., 1989; Borden &
Papoutsakis, 2007). The reports on solvent-tolerance for Gram-positive bacteria are limited
(Sardessai & Bhosle, 2002), however, and no published data was found on bacterial tolerance to
chlorinated solvents.
Because of presumed toxicity of high concentrations of chlorinated compounds, it was
previously assumed that biotransformation of chlorinated solvents in DNAPL source zones was
not possible (Bradley, 2003). It is now known that several dechlorinating organisms are able to
tolerate high levels of chlorinated solvent and can enhance dissolution of DNAPL and
biotransform chlorinated solvents (Scholz-Muramatsu et al., 1995; Krumholtz et al., 1996;
Hollinger et al., 1998; Maymo-Gatell et al., 1999). It has been suggested that microbes evolved
biotransforming capabilities as a counter defense to naturally occurring organochloride
compounds (Bradley, 2003). Previous studies have shown that some bacteria, such as acetogens,
methanogens, and even several dechlorinators, are inhibited by high concentrations of PCE
(DiStefano et al., 1992; Yang & McCarty, 2000; Amos et al., 2007). Because most reductive
dechlorinating bacteria rely on hydrogen as the electron donor, chlorinated solvent tolerant,
fermentative, hydrogen-producing bacteria may play an important role in the dechlorinating
community in the presence of DNAPLs. Currently, hydrogen-producing members of
dechlorinating communities, however, have not been identified, and their tolerance to chlorinated
solvents has not been characterized.
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1.4

Microbially Mediated Hydrogen Production as a Source for Alternative Energy
Microbes that fermentatively produce hydrogen are likely important for anaerobic in-situ

reductive dechlorinating processes. Microbially generated hydrogen may also play a role as a
potentially important source of renewable energy for human consumption. Hydrogen as a source
of energy has several advantages over fossil fuels, such as higher energy content, production of
environmentally benign water as a final product in fuel cells, and avoidance of greenhouse gases
as a by-product of combustion (Ramachandra & Raghu, 1998). The vast majority of hydrogen
currently used as a fuel and chemical feedstock, however, is presently produced from natural gas
and other fossil fuels through energy intensive processes (Elam et al., 2003; Liu et al., 2005).
Production of hydrogen through biological processes is potentially less energy intensive and may
provide a renewable source of energy.
Several types of microbial processes can produce hydrogen, including anaerobic carbon
monoxide oxidation (a.k.a. water-gas shift reaction), direct and indirect biophotolysis, photo
fermentation, and dark fermentation (Kerby et al., 1995; Maness et al., 1997; Kosaric & Lyng,
1998; Nandi & Sengupta, 1998; Maness et al., 2002; DeVrije & Classen, 2003; Sasikala, 2003
Levin et al., 2004). Some advantages dark fermentation offers over other microbial hydrogenproducing processes include higher hydrogen production rates, continuous hydrogen production,
lower process energy requirements, simpler processing conditions, no light requirements, and use
of low-value organic wastes as feed stocks (Nath & Das, 2004; Levin et al., 2006). Research to
identify and selectively enrich for microorganisms that produce hydrogen at a high rate and yield
could potentially improve the technical and economic feasibility of hydrogen as an alternative,
renewable fuel source.

9

1.5

Background of the PPI Site
The PetroProcessors of Louisiana, Inc. (PPI) Superfund site is located approximately 10

miles from Baton Rouge, LA and covers an area of approximately 77 acres. The area served as
an industrial waste disposal site from 1961-1980. During the two decades of operation, a large
quantity of chlorinated solvents was discharged to unlined earthen lagoons, resulting in soil and
groundwater contamination. The site was placed on the National Priorities List (i.e., it was
officially classified as a Superfund Site) in 1984. Subsequently, free-phase contaminants were
partially removed from the site by a network of extraction wells. Monitored natural attenuation
has been proposed as the remedy for long-term management of a portion of the PPI site.
As further described in Chapter 2, groundwater in the DNAPL source zone area of the
Brooklawn portion of the PPI site contains high aqueous-phase concentrations of a number of
chlorinated solvents. It is also moderately acidic (pH=5.1) (Bowman et al., 2006). Because of the
moderately acidic conditions, the presence of high aqueous-phase concentrations of chlorinated
ethanes (as opposed to the more well-studied chlorinated ethenes), and evidence that reductive
dechlorination is occuring, the site provides a unique environment for study.
1.6

Research Objectives
The overall objective of the research described in this dissertation was to analyze the PPI

DNAPL source zone groundwater bacterial population in support of an effort to determine the
feasibility of using an in-situ contaminant biodegradation cleanup strategy. Included in this
objective was the goal of characterizing the DNAPL groundwater bacterial abundance and
diversity. Also included was the goal of identifying and characterizing hydrogen-producing
organisms that may be present within the microbial community.
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1.7

Organization of the Dissertation
Chapter 2 describes experiments conducted to determine the microbial abundance in the

DNAPL source zone groundwater based on direct microscopy counting techniques in
conjunction with culture-dependent plate counting procedures. In addition, structure and
diversity of the in-situ DNAPL source zone groundwater bacterial population based on
phylogenetically analyzed 16S rRNA gene clone libraries is presented. Results presented in
Chapter 2 have been published in FEMS Microbiology Ecology (Bowman et al., 2006). Chapter
3 describes studies conducted to characterize the ability of PPI isolates to produce hydrogen and
their ability to grow in the presence of chlorinated solvents. Hydrogen production in a range of
PCE, TCA and DCA concentrations was measured to determine the range of chlorinated solvent
concentrations in which the organisms maintain hydrogen production. Results described in
Chapter 3 have been published in FEMS Microbiology Letters (Bowman et al., 2009). Chapter 4
describes studies conducted to assess the rate and yield of fermentative hydrogen production for
two novel Clostridium strains. Chapter 5 describes studies conducted using a polyphasic
approach to further characterize two hydrogen-producing bacteria isolated from the DNAPL
source zone groundwater. Results presented in Chapter 5 were accepted in March of 2009 by the
International Journal of Systematic and Evolutionary Microbiology for publication. Chapter 6
summarizes the major conclusions from the research and proposes recommendations for future
work. Chapter 6 is followed by a listing of literature cited through the dissertation.
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CHAPTER 2: ENUMERATION AND DIVERSITY OF BACTERIA IN THE DNAPL
SOURCE ZONE OF THE PETROPROCESSORS OF LOUISIANA, INC. SUPERFUND
SITE
2.1 Introduction
The research described in this chapter was conducted to provide enumeration and initial
characterization of the bacterial population present in the DNAPL source zone area of the
Brooklawn portion of the PetroProcessors of Louisiana, Inc. (PPI) Superfund Site using both
culture-dependent and culture-independent techniques.
2.2 Experimental Design
2.2.1

Sample Collection
Groundwater samples were collected from a waste recovery well (W-1024-1) located in

the DNAPL source zone area of the Brooklawn portion of the PPI superfund site. Well W-10241 had a screened interval extending from 16.5 to 76.5 feet below ground surface in an area
containing alternating layers of clay, silt, and sand. Additional details regarding contaminant
hydrology for the site has been reported elsewhere (Clement et al., 2002). Samples for extraction
of DNA and subsequent characterization through construction of clone libraries were collected in
November 2002. Two independent samples were collected for direct counting via microscopy in
February and March 2005. Samples for plate counting experiments were collected in February
2005. Samples for isolation experiments were collected between December 2003 and May 2004.
For microbial analyses, sterile 1.0 L glass bottles with Teflon-lined lids were filled with
groundwater leaving little or no headspace and then placed on ice during transport to the
laboratory (approximately one hour).
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2.2.2

Chemical Analyses
Concentrations of volatile organic compounds were measured using US EPA method

624. Dissolved ethene, ethane, and methane were measured by method RSK 175. Nitrate and
nitrite were measured using US EPA method 353.2. Chloride was measured using US EPA
method 325.2. Sulfate was measured by ion chromatography using US EPA method 300.0.
Sulfide was measured by US EPA method 376.2. Ferrous iron was measured using US EPA
method 3500-Fe D. Total organic carbon (TOC) and total inorganic carbon (TIC) were measured
using US EPA method 5310B. Detailed descriptions of US EPA analytical methods referenced
above are available elsewhere (National Environmental Index, http://www.nemi.gov/). The pH of
groundwater samples was measured using an Orion model 290A pH meter.
2.2.3

Microscopy
Total microbial numbers were determined by direct counting following staining with 4',

6-diamidino-2-phenylindole (DAPI). In this procedure, groundwater samples were first
preserved by addition of 4% glutaraldehyde in 0.1 M cacodylate buffer (pH 7) to an equal
volume of groundwater. Samples were preserved within two hours after sample collection and
were subsequently stored at -20°C until further processing. Samples were sonicated for 45 sec
(Branson Ultrasonic 170V 50/60 Hz), stained for one hour in the dark at a final DAPI
concentration of 5 µg/mL, and then collected on 0.20 µm pore size black Nuclepore
polycarbonate filters. Filters were mounted on microscope slides and imaged using a Nikon
Microphot-FXA epifluorescent microscope at 80 × magnification and a Nikon DM400 filter set
(365nm BP excitation, 400 nm LP dichroic, 400 nm LP barrier). Cells were counted in two
separate groundwater samples each with 20 fields of view.
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The fraction of live cells was estimated using a LIVE/DEAD BacLight Bacteria Viability
Kit (Molecular Probes, Eugene, OR) according to the manufacturer’s recommended protocol.
Using this protocol, a green-fluorescent nucleic acid stain, SYTO 9, is added to label all bacterial
cells, and red-fluorescent propidium iodide to stain only those cells with compromised cell
membranes. Viable cells fluoresce bright green while dead or compromised cells fluoresce red.
Samples were imaged using a Nikon Microphot-FXA epifluorescent microscope at 80×
magnification and a Nikon multiband DAPI-FITC-Rhodamine cube filter set (Boulos et al.,
1999). Red and green cells were counted in 30 fields of view. The fraction of live cells was
calculated as the average of green cells to total (red + green) cells.
2.2.4

Plate Counts
Groundwater was serially diluted, and 500 µL aliquots were spread on R2A plates. Plates

incubated under aerobic conditions were buffered at pH 5.0 with 20 mM acetate buffer prior to
solidification with agar (EMD, Gibbstown, NJ). Plates incubated under anaerobic conditions
were buffered at pH 5.0 with 20 mM acetate buffer prepared in the same manner but were also
supplemented with 1.0 mg/L resazurin (as a redox indicator) and 0.25 g/L cysteine hydrochloride
(as a reducing agent) prior to solidification with agar. All plates were incubated at 30oC.
Anaerobic plates were prepared and incubated in an anaerobic chamber (Coy, Grass Lake, MI)
containing approximately 2% H2, 10% CO2, balance N2. To estimate the number of organisms
represented by spores in the original sample, a pasteurization technique was employed in the
anaerobic plate counting procedure (Rosencrantz et al., 1999). In this method, following serial
dilution, groundwater samples were pasteurized by heating in a water bath at 80oC for 15 min
prior to plating. The number of colonies on the plates was counted at 7, 14, 21, and 28 days.
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2.2.5 DNA Extraction
For clone 16S rRNA gene library analysis, groundwater samples were transferred to
sterile 15 mL polypropylene tubes that were centrifuged at 4000 g for 10 min. Supernatant was
decanted leaving a sediment pellet that was re-suspended in 0.5 mL TE buffer (10 mM Tris, 1
mM EDTA, pH = 8) and transferred to sterile 1.5 mL tubes that were centrifuged at 16,000 g for
15 min. The supernatant was decanted, and the pellet (approximately 0.3 mL) was re-suspended
in fresh TE buffer (to a total volume of 2 mL) prior to freezing at –20 oC until DNA extraction.
DNA was extracted using modifications of the method described by Herrick et al. (1993).
In this process, 100 mg of polyvinylpolypyrilidone (PVPP) (Agros Organics, Geel, Belgium)
was added to 2 mL of resuspended groundwater sediment and 10 mL TE buffer, vortexed, and
centrifuged at 11,500 g for 10 min. Supernatant was decanted, the pellet was resuspended in 5
mL SET buffer (200 g/L sucrose, 0.05 M EDTA, 0.05 M Tris HCl, pH=7.6), and 500 µL
lysozyme solution (approximately 15 mg/mL lysozyme in water) was added. The sample was
incubated at 37oC for 2 hr with mixing by shaking at 5-15 min intervals. Then, 500 µL of 10%
SDS (filter sterilized in 0.2 µm filter) was added, and three freeze/thaw cycles were performed (5
min -80oC then 5 min 70oC). The sample was centrifuged at 11,500 g for 10 min. The
supernatant was stored at 4oC. The pellet was resuspended in 5 mL of 0.12 M Na2HPO4 and 50
µL of Proteinase K. The resuspended pellet was incubated in a 37oC water bath for 30 min then
at 65oC for one hour, with periodic mixing by shaking (every 5-15 min). The sample was
centrifuged at 11,500 g for 30 min. The new supernatant was added to refrigerated supernatant
from the previous step. The combined supernatant was centrifuged at 8000 g for 30 min.
10 mL PEG (30% w/v Polyethylene Glycol 8000 in deionized water) was added and
mixed by shaking. 1.5 mL of 5 M NaCl solution was added, mixed well, and the sample was
15

refrigerated overnight at 4oC. The sample was centrifuged at 22,500 g for 30 min. Supernatant
was discarded and the pellet was resuspended in 4 mL TE buffer and vortexed. Four aliquots of 1
mL sample were each extracted with 500 µL phenol which was followed by centrifugation for 10
min at 14,000 g and removal of the organic layer. Identical extraction procedure was carried out
using chloroform in place of phenol. Cleanup was performed using a MoBio UltraClean PCR
Clean-up Kit (Carlsbad, CA).
2.2.6 16S rRNA Gene PCR, Cloning, and Sequencing
Two

sets

of

oligonucleotide

GAGTTTGATCCTGGCTCA-3’)

and

primers,
1525r

one

set

consisting

of

27f

(5’-

(5’-AGAAAGGAGGTGATCCAGCC-3’),

universal to the 16S rRNA gene of all bacteria (Lane, 1991), and the other, DHC1f (5’GATGAACGCTAGCGGCG-3’) and DHC 1377r (5’-GGTTGGCACATCGACTTCAA-3’),
specific to variable regions of the 16S rRNA gene of “Dehalococcoides” group bacteria
(Hendrickson et al., 2002), were used in separate PCR reactions. For “Dehalococcoides”
specific primers, PCR reactions were performed under conditions reported by Hendrickson et al.
(2002). For universal bacterial primers, a hot start protocol was utilized using minor
modifications of the method described by Rainey et al., 1996. Each reaction (100 µL) contained
1× Taq Buffer with Mg2+, 2.5 U Taq DNA Polymerase and 0.75× TaqMaster PCR Enhancer
(Brinkmann, Westbury, NY), as well as 200 µM of each dNTP (Applied Biosystems, Forster
City, CA) and 1 µL of purified community DNA. For the universal bacterial primers, 0.5 µg of
each primer was added. PCR products were verified by gel electrophoresis prior to cloning. For
the “Dehalococcoides” specific primers, 0.3 µg of each primer was added.
16S rRNA gene products were cloned using a TOPO TA Cloning Kit for Sequencing
(Invitrogen, Carlsbad, CA). PCR amplified inserts were sequenced using a BigDye Terminator
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Cycle Sequencing Ready Reaction Kit (Applied Biosystems, Forester City, CA). Sequencing
reactions associated with inserts corresponding to the universal primers were performed as
described by Rainey et al. (1996). Sequencing reactions associated with inserts corresponding to
“Dehalococcoides” specific primers employed the DHC1f primer for one reaction and the
DHC774f primer (5’-GGGAGTATCGACCCTCTC-3’) (Hendrickson et al., 2002) in a second
reaction. The temperature program for both reactions was as described Hendrickson et al. (2002).
Sequencing was performed using an ABI 377 Automated DNA Sequencer.
2.2.7

Phylogenetic Analysis
DNA

sequences

were

manually

verified

using

BioEdit

version

4.7.8

(http://www.mbio.ncsu.edu/BioEdit/page2.html), and sequences were manually checked for
chimeric structures. Phylogenetic analyses were performed using ARB (Strunk & Ludwig, 1995)
(http://www.arb-home.de/). The neighbor joining algorithm was used to build the phylogenetic
tree, with Jukes-Cantor correction (Jukes & Cantor, 1969) followed by bootstrap analysis with
Phylip 3.62 (Felsenstein, 2004) (http://evolution.genetics.washington.edu/phylip.html). The
nearest cultured relative to each 16S rRNA gene sequence was determined from the phylogenetic
position and from the similarity matrix generated using the same algorithm used to make the tree.
Comparisons were based on sequences available in the public database Genbank as of September
2005. Clones and isolates having sequence similarity greater than or equal to 97.0% were defined
as an operational taxonomic unit (OTU), considered to represent a taxon at or below the genus
level (i.e, species/strain) (Palys et al., 1997; Stackebrandt & Goebel, 1994). Clone sequences
were screened for chimeric sequences using two methods. In the first method, clone sequences
were divided into thirds. A sequence similarity search using National Center for Biotechnology
Information (NCBI) nucleotide basic local alignment search tool (BLAST) was performed on
each third of a sequence (Altschul et al., 1990). Clone sequences were identified as putatively
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chimeric if the BLAST result for one of the parts was different from either of the other two. In
the second method, clone sequences were analyzed using ‘Bellerophon’, a program that uses a
partial treeing approach to detect chimeric sequences (Huber et al., 2004).
2.2.8

Bacterial Culture Isolation
In collaborative work, genomic DNA was extracted using a MoBio UltraClean Microbial

DNA kit (Carlsbad, CA) from 168 colonies isolated under anaerobic conditions on a variety of
agar media, including: R2A (pH=5), anaerobic 5% sheep blood agar (BD Diagnostics), plate
count agar (Difco), nutrient agar (Difco), peptone/yeast extract/fructose (PYF) medium
(Engelmann and Weiss, 1985) solidified with 15 g/L agar, and SRB medium (Widdel & Bak,
1992) supplemented with fatty acids (lactate, acetate and pyruvate, 10 mM each) modified by
replacing bicarbonate buffer with phosphate buffer (30 mM) and L-cysteine replacing sulfide.
PCR was performed using universal bacterial primers, then amplified 16S rRNA genes were
sequenced and analyzed as described above. Isolation work was performed by H.S. Bae and
W.M. Moe. Portions of isolate sequencing were performed by H.S. Bae.
2.2.9

Rarefaction Curves, Diversity Indices, and LIBSHUFF Analyses
Estimates of microbial diversity within the clone library were further investigated using

rarefaction analysis conducted using the analytical approximation algorithm aRarefactWin
(Analytic Rarefaction, version 1.3, S. Holland, http://www.uga.edu/~strata/software/) with 95%
confidence limits. Clone coverage and Shannon diversity index values were calculated as
described by Good (1953) and Müller et al. (2002), respectively.
Comparisons between a partial section of the bacterial 16S rRNA gene corresponding to
bases 134 to 596 in E. coli numbering (~500 bp) was tested using the webLIBSHUFF version
0.96 program (Singleton et al., 2001) (http://LIBSHUFF.mib.uga.edu), which incorporates the
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coverage formula of Good (1953) to generate homologous and heterologous coverage curves.
Sequence libraries between samples were shuffled 999 times. The measured distance between
curves was calculated using the Cramér-von Mises test statistic (Pettit, 1982). Distance matrices
submitted to webLIBSHUFF were generated using the DNADIST program of Phylip using the
Jukes-Cantor model for establishing nucleotide substitution rates.
2.2.10 Nucleotide Sequence Accession Numbers
Representative sequences from the clone library constructed using universal bacterial
primers and “Dehalococcoides” specific primers have been deposited in GenBank under
accession numbers DQ196601 to DQ196618 and DQ196591 to DQ196600, respectively.
Representative sequences from cultured isolates have been deposited in Genbank under
accession numbers DQ176646 and DQ196619 to DQ196635.
2.3 Results
2.3.1

Contaminant Concentrations and Geochemistry
Results from analysis of aqueous-phase organic contaminants in the groundwater are

summarized in Table 2.1, and geochemical constituents are summarized in Table 2.2. As shown
in the tables, groundwater from the DNAPL source zone contained high aqueous-phase
concentrations of a variety of chlorinated compounds including chloroethanes (average of 57.3
mg/L 1,1,2,2-tetrachloroethane, 367 mg/L 1,1,2-trichloroethane, 540 mg/L 1,2-dichloroethane),
chloroethenes (52.2 mg/L vinyl chloride), chloropropanes (67.3 mg/L 1,2-dichloropropane) and
hexachloro-1,3-butadiene (6.58 mg/L). Other chlorinated compounds may have been also been
present; however, because of the high concentrations, detection levels were high (10-25 mg/L for
most chlorinated VOCs) due to the large dilution factor necessary for analysis.
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Table 2.1: Chlorinated solvent concentrations measured in groundwater from well W-1024-1 at
the PPI site
Analyte
1,1,2,2-Tetrachloroethane
1,1,2-Trichloroethane
1,2-Dichloroethane
1,2-Dichloropropane
Vinyl chloride
Hexachlorobutadiene
TOTALb

Concentration
Range
Averagea
mg/L
mg/L (mM)
30.1 – 89.2
57.3 (0.341 mM)
239 – 530
367 (2.75 mM)
363 - 756
540 (5.46 mM)
54.5 – 83.9
67.3 (0.596 mM)
33.1 – 75.2
52.2 (0.835 mM)
5.26 – 7.89
6.58 (0.0252 mM)
767 - 1492
1090

a

n=3
The total is the summation of individual constituents listed in the table above
measured during each sampling event.
b

Table 2.2: Geochemical parameters measured in groundwater from well W-1024-1 at the PPI
site
Analyte
Ethene
Ethaneb
Methane
Total inorganic
carbon
Total organic
carbon
Chloride
Nitrate
Nitrite
Sulfate
Sulfideb
Ferrous iron
pH

Concentration
Range
Averagea
mg/L
mg/L (or mM)
7.15 – 12.4
9.57 (0.342 mM)
<0.6 – 0.305
0.302 (1.00×10-2 mM)
1.53 – 1.78
1.66 (0.104 mM)
59.6 - 103
81.3 (6.78 mM)
358 – 543

478 (39.8 mM)

3710 – 5010
<0.05
0.296 – 0.640
632 – 660
<0.02 – 0.036
901 - 1110
pH = 5.1

4510 (127 mM)
<0.05 (<8.06×10-4mM)
0.428 (8.91×10-3 mM)
644 (6.71 mM)
0.022 (6.86×10-4mM)
990 (17.7 mM)
pH = 5.1

a

n=3
Average concentration was calculated using one half of the method detection
limit (MDL) for measurements below the MDL.
b
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Historical data from production wells indicates that additional chloroethenes, aromatics,
and PAHs are also constituents in the DNAPL at the site (Clement et al., 2002).
The presence of vinyl chloride (average concentration of 52.2 mg/L), ethene (9.57 mg/L),
ethane (0.302 mg/L), and chloride (4510 mg/L), all products of reductive dechlorination,
suggests that dechlorination is occurring in the source zone. The fact that these concentrations
are substantially higher than background levels previously reported for wells hydraulically
upgradient of the DNAPL source zone (Clement et al., 2002) further supports this notion.
Microcosm studies constructed using groundwater from within the DNAPL source zone
indicated that the microbial population is able to reductively dechlorinate 1,1,2-trichloroethane,
1,2-dichloroethane, and vinyl chloride to ethene (Truex et al., 2001, Yan et al., 2009).
2.3.2 Microbial Enumeration
Direct counting of DAPI stained cells in two independent groundwater samples collected
17 days apart revealed 3.2(±0.4)×107 cells/mL and 3.7(±0.7)×107 cells/mL. LIVE/DEAD
BacLight microscopy counts revealed that 58% of the total cells were intact and potentially
viable.
Plate count results are from 28 days of incubation, corresponding to the highest counts
observed. No growth was observed on pH 5 R2A plates incubated under aerobic conditions.
1.3(±0.2)×104 CFU/mL were observed for pH 5 R2A plates incubated under anaerobic
conditions. Spores made up a minor fraction (2.5%) of the population enumerated on plates
incubated under anaerobic conditions. These results confirm that viable bacteria were present
within the groundwater.
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2.3.3

Phylogeny of Clone Libraries and Cultured Isolates
Nearly complete (~1200 bp) 16S rRNA gene sequences of 223 clones created using PCR

amplicons produced using universal bacterial primers were sequenced. Of these, 28 clones
(12.6%) were identified as putative chimeric sequences and excluded from further analysis.
Based on phylogenetic analysis of 16S rRNA gene sequences from the remaining 195 clones, the
environmental 16S rRNA genes were tentatively grouped into 18 OTUs (Table 2.3). The 18
OTUs in the universal clone library spanned across four phyla with Firmicutes (62%) and
Actinobacteria (36%) having the largest representation, distantly followed by Proteobacteria
(1.5%) and Chloroflexi (0.5%).
A total of 85 clones derived from PCR products produced using primers specific to
“Dehalococcoides” 16S rRNA gene fragments were sequenced (~1300 bp). Of these, 23 clones
had identical sequences, and 62 clone sequences were unique. Clones were closely related to
“Dehalococcoides ethenogenes” strain 195, with similarity ranging from 99.5% (7 bp difference)
to 99.8% (3 bp difference). Thus, while “Dehalococcoides” was represented by a single
sequence in the universal clone library, it appears as if there is an appreciable amount of minor
variation within the “Dehalococcoides” population at the PPI site.
The 168 16S rRNA gene sequences determined for cultured isolates grouped into 18
OTUs (Table 2.4). The isolates were distributed among three phyla: Actinobacteria (73%),
Firmicutes (20%), and Proteobacteria (7%). Phylogenetic positions of the universal clone OTUs
and the isolate OTUs based on 16S rRNA gene sequences are shown in Figure 2.1.
Only three of the 18 isolate OTUs were represented in the clone library. The isolate OTU
designated as BLI-A was 99.8% similar to the clone OTU designated as BLUC-C (where the
prefix “BLI” (Brooklawn Isolate) denotes isolate sequences and the prefix “BLUC” (Brooklawn
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Table 2.3: Phylogenetic summary of bacterial community based on 16S rRNA gene
sequences amplified using universal bacterial primers
GenBank
No. of
Closest cultured phylogenetic relativea Identity
Clone OTU
Putative Taxon
Accession
Clones
ID No.
(Accession No.)
(%)
No.
BLUC-A DQ196617
47 Megasphaera micronuciformis strain CCUG
94 Firmicutes
45952T (AF473834)
BLUC-B DQ196616
33 Bacterium Isolate ZF3 (AJ404681)
95 Firmicutes
BLUC-C DQ196618
31 Actinomyces meyeri strain ATCC 35568T
94 Actinobacteria
(X82451)
BLUC-D DQ196610
28 Olsenella profusa strain DSM 13989T
95 Actinobacteria
(AF292374)
BLUC-E DQ196614
15 Dialister pneumosintes strain ATCC 33048T
91 Firmicutes
(X82500)
BLUC-F DQ196606
12 Clostridium sporosphaeroides strain ATCC
94 Firmicutes
25781T (M59116)
BLUC-G DQ196611
7
Slackia heliotrinreducens strain ATCC 29202T
87 Actinobacteria
(AF101241)
BLUC-H DQ196604
5
Sanguibacter keddieii strain ATCC 51767T
92 Actinobacteria
(X79450)
BLUC-I DQ196612
4
Selenomonas sputigena strain DSM 20758T
91 Firmicutes
(AF287793)
BLUC-J DQ196613
3
Solobacterium moorei strain JCM 10646
89 Firmicutes
(AB031057)
BLUC-K DQ196615
2
Trichococcus pallustris strain DSM 9172T
94 Firmicutes
(AJ296179)
BLUC-L DQ196608
2
93 Firmicutes
Oscillospira guillermondi (AB040497)
b
BLUC-M DQ196603
1
“Dehalococcoides sp.” strain VS (AY323233) 99.8 ‘Dehalococcoidetes’
BLUC-N DQ196607
1
“Brachymonas petroleovorans” strain CHX
99.6 β-Proteobacteria
(AY275432)
BLUC-O DQ196605
1
“Desulfuromonas michiganensis” strain BB1
97.2 δ-Proteobacteria
(AF357915)
BLUC-P DQ196602
1
Mogibacterium pumilum strain ATCC 700696T 97 Firmicutes
(AB021701)
BLUC-Q DQ196601
1
“Desulfovibrio ferrireducens” strain CY1
96 δ-Proteobacteria
(AJ582755)
BLUC-R DQ196609
1
Thermoanaerobacterium aotearoense strain
82 Firmicutes
DSM 10170T (X93359)
a T
b

denotes type strains
Informally proposed class (Hugenholtz and Stackebrandt, 2004)
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Table 2.4: Phylogenetic summary of bacterial community based on 16S rRNA gene
sequences from anaerobic isolates
Isolate Representative GenBank
No of
Closest cultured phylogenetic relative a Identity
Putative Taxon
OTU ID Strain ID No. Accession
Isolates
(Accession No.)
(%)
No.
No.
BLI-A
BL-96
DQ196624
75 Actinomyces georgiae strain DSM 6843T
94 Actinobacteria
(X80413)
95 Actinobacteria
BLI-B
BL-34
DQ196625
45 Propionibacterium propionicum strain ATCC
14157T (X53216)
BLI-C
BL-157
DQ196634
11 “Desulfovibrio ferrireducens” strain CY1
96 δ-Proteobacteria
(AJ582755)
99.6 Firmicutes
BLI-D
BL-3
DQ196627
7
Clostridium thiosulfatireducens strain
DSM13105T (AF317650)
100 Firmicutes
BLI-E
BL-164
DQ196632
5
Baccilus cereus strain ATCC 14579T
(AF290547)
99.7 Firmicutes
BLI-F
BL-17
DQ196620
3
Clostridium sporogenes strain ATCC 3584T
(M59115)
99.5 Firmicutes
BLI-G
BL-26
DQ196630
3
Clostridium puniceum strain DSM 2619T
(X73444)
BLI-H
BL-30
DQ196622
3
Clostridium tetanomorphum, strain NCIMB
97.7 Firmicutes
11547 (S46737)
97 Firmicutes
BLI-I
BL-20
DQ196623
3
Clostridium frigidicarnis strain DSM 12271T
(AF069742)
96 Firmicutes
BLI-J
BL-14
DQ196619
3
Clostridium histolyticum strain ATCC 19401T
(M59094)
99.0 Firmicutes
BLI-K
BL-8
DQ196629
2
Clostridium diolis strain SH1T (AJ458418)
BLI-L
BL-10
DQ176646
2
Propionicimonas paludicola strain WdT
97 Actinobacteria
(AB078858)
99.6 Firmicutes
BLI-M
BL-21
DQ196628
1
Clostridium bifermentans strain ATCC 638T
(X75906)
BLI-N
BL-24
DQ196631
1
Clostridium paraputrificum strain M-21
97.1 Firmicutes
(AB032556)
97 Firmicutes
BLI-O
BL-22
DQ196626
1
Clostridium acetylbutylicum strain ATCC
824T (X78070)
95 Firmicutes
BLI-P
BL-28
DQ196621
1
Clostridium sartagoforum strain DSM 1292T
(Y18175)
94 Firmicutes
BLI-Q
BL-152
DQ196635
1
Mogibacterium pumilum strain ATCC
700696T (AB021701)
92 β-Proteobacteria
BLI-R
BL-169
DQ196633
1
Sutterella stercoricanis strain CCUG 47620T
(AJ566849)
aT

denotes type strains
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T

Clostr idium diolis strain Sh1 (AJ458418)
BLI-K (DQ196629)
T
Clostr idium puniceum strain DSM 2619 (X73444)
BLI-G (DQ196630)
T
Clostridium par aputrificum strain ATCC 25780 (X75907)
Clostridium par aputrificum strain M-21 (AB032556)
BLI-N (DQ196631)
T
Clostridium sartagoforum strain DSM 1292 (Y18175)
BLI-P (DQ196621)
T
Clostr idium frigidicarnis strain DSM 12271 (AF069742)
BLI-I (DQ196623)
Clostridium tetanomorphum strain NCIMB11547 (S46737)
BLI-H (DQ196622)
T
Clostr idium thiosulfatir educens strain DSM 13105 (AF317650)
BLI-D (DQ196627)
T
Clostridium acetobutylicum strain ATCC 824 (X78070)
BLI-O (DQ196626)
T
Clostridium histolyticum strain ATCC 19401 (M59094)
BLI-J (DQ196619)
T
Clostridium sporogenes strain ATCC 3584 (M59115)
BLI-F (DQ196620)
BLUC-P (DQ196602)
BLI-Q (DQ196635)
T
Mogibacterium pumilum strain ATCC 700696 (AB021701)
Clostr idium bifermentans strain DPH-1 (Y18787)
BLI-M (DQ196628)
Clostridium bifermentans strain ATCC 638T (X75906)
Chlorobenzene dechlorinating population clone
AJ488
(
083)
Trichlorodibenzo-p-dioxin degrading consortium isolate (AJ535705)
Chlorobenzene dechlorinating population clone (AJ488077)
T
Trichococcus palustris strain DSM 9172 (AJ296179)
BLUC-K (DQ196615)
T
Bacillus cereus strain ATCC 14579 (AF290547)
BLI-E (DQ196632)
T
Thermoanaer obacterium aotearoense strain DSM 10170 (X93359)
BLUC-R (DQ196609)
BLUC-B (DQ196616)
Bacterium isolate ZF3 (AJ404681)
BLUC-F (DQ196606)
T
Clostr idium sporosphaeroides strain ATCC 25781 (M59116)
BLUC-L (DQ196608)
Oscillospira guillermondii (AB04097)
Chlorobenzene dechlorinating population clone
AJ488
(
093)
BLUC-E (DQ196614)
T
Dialister pneumosintes strain ATCC 33048 (X82500)
BLUC-A (DQ196617)
T
Megasphaer a micronuciformis strain CCUG 45952 (AF473834)
BLUC-I (DQ196612)
T
Selenomonas sputigena strain DSM 20758 (AF287793)
Solobacterium moor ei strain JCM 10646 (AB031057)
T
Solobacterium moorei strain JCM 10645 (AB031056)
BLUC-J (DQ196613)
BLUC-C (DQ196618)
BLI-A (DQ196624)
T
Actinomyces georgiae strain DSM 6843 (X80413)
T
Actinomyces meyeri strain ATCC 35568 (X82451)
BLUC-H (Dq196604)
T
Sanguibacter keddieii strain ATCC 51767 (X79450)
T
Propionicimonas paludicola strain Wd (AB078858)
BLI-L (DQ176646)
BLI-B (DQ196625)
T
Propionibacterium propionicus strain ATCC 14157 (X53216)
BLUC-D (DQ196610)
T
Olsenella profusa strain DSM 13989 (AF292374)
BLUC-G (DQ196611)
T
Slakia heliotrinreducens strain ATCC 29202 (AF101241)
PCB dechlorinating population clone (AF276453)
BLUC-M (DQ196603)
“Dehalococcoides sp.” strain VS (AY323233)
“Dehalococcoides ethenogenes
” strain 195 (AF004928)
“Dehaloccoccoides sp.” strain CBDB1 (AF230641)
BLUC-N (DQ196607)
“Brachymonas petroleovorans” strain CHX (AY275432)
T
Brachymonas denitrificans strain JCM 9216 (D14320)
T
Sutterella stercoricanus strain CCUG 47620 (AJ566849)
BLI-R (DQ196633)
“Desulfovibrio ferrireducens” strain CY1 (AJ582755)
BLI-C (DQ196634)
BLUC-Q (DQ196601)
T
Desulfovibrio aminophilus strain DSM 12254 (AF067964)
“Desulfuromonas michiganensis
” strain BB1 (AF357915)
T
strain
DSM
12431
(U49748)
Desulfuromonas chloroethenica
BLUC-O (DQ196605)

Firmicutes

Actinobacteria

“Dehalococcoidetes ”

Proteobacteria

0.10

Figure 2.1: Neighbor joining tree showing 16S rRNA gene sequence relationships between
OTUs from this study and reference organisms. Labels corresponding to sequences from this
study are shown in bold. Clone library sequences are denoted by the prefix “BLUC” (Brooklawn
Universal Clone) and isolates are denoted by the prefix “BLI” (Brooklawn Isolate). Bootstrap
values of 95% or greater are denoted as solid circles at branch points. T denotes type species. Bar
represents 10 substitutions per 100 nucleotide positions.
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Universal Clone) denotes clone library sequences). These are most closely related to
Actinomyces georgiae (X80413) and Actinomyces meyeri (X82451), respectively. Isolate OTU
BLI-C was 98.3% similar to clone OTU BLUC-Q, which were both most closely related to
“Desulfovibrio ferrireducens” strain CY1 (AJ582755). Additionally, isolate OTU BLI-Q was
98.1% similar to clone OTU BLUC-P, both of which were most similar to Mogibacterium
pumilum (AB021701) in terms of previously cultured isolates.
2.3.4

Clone Library Comparisons
A comparison of phyla represented in the universal clone library from the PPI site to

three previously published clone libraries of reductively dechlorinating microbial consortia is
shown in Figure 2.2. The first comparison library (B) is from a TCE DNAPL contaminated
aquifer at Test Area North (TAN) at the U.S. Department of Energy’s Idaho National
Engineering and Environmental Laboratory where lactate addition has been used to stimulate insitu reductive dechlorination of TCE to ethene (Macbeth et al., 2004). The second and third
comparison libraries (C, D) are from functionally stable reductively dechlorinating enrichment
cultures in which TCE (Richardson et al., 2002) and DCE (Gu et al., 2004) were biodegraded to
ethene. At the PPI and TAN sites, both in-situ environments, only a small percentage of the
universal bacterial 16S rRNA clone libraries (1% at the PPI site and 3% at the TAN site) were
closely

related

to

known

dechlorinators

(“Desulfuromonas

michiganensis”

and

“Dehalococcoides” strain VS at the PPI site and Sulfurospirillum multivorans and
Trichlorobacter thiogenes at the TAN site). Additionally the clone libraries at each site were
dominated by Firmicutes, with a 62% and 65% representation at the PPI site and TAN site
respectively.In contrast, clone libraries constructed from enrichment cultures reported by
Richardson et al. (2002) and Gu et al. (2004) both contained a high proportion of clones (3437%) closely related to “Dehalococcoides ethenogenes”, a known dechlorinator phylogenetically
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Figure 2.2: Comparison of putative bacterial phylotype distribution for 16S rRNA gene libraries
from reductive dechlorinating environments. (A) Environmental sample from aquifer at the PPI
site (this study). (B) Environmental sample from DNAPL-contaminated aquifer at the TANsite
(Macbeth et al., 2004). (C) Trichloroethene-degrading enrichment culture (Richardson et al.,
2002). (D) Dichloroethene-degrading enrichment culture (Gu et al., 2004).
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affiliated with a portion of the Chloroflexi phylum which has been informally proposed as class
“Dehalococcoidetes” (Hugenholtz & Stackebrandt, 2004). The enrichment culture clone libraries
were composed of 33-36% Firmicutes, less than those represented in the PPI (62%) and TAN
(65%) sites. Another similarity between the bacterial community composition at the PPI and the
TAN site was the low representation of Proteobacteria, which was 2% and 3%, respectively.
Other than the previously described similarities between the PPI and the TAN site bacterial
phyla, the phyla at each site were different: The PPI site was composed of 36% Actinobacteria
and the TAN site 14% Bacteriodetes, 13% OP 11, 4% Spirochaetes, and 1% OP 3.
To further compare the PPI and TAN clone libraries, sequence data and OTU
designations from the universal bacterial clone libraries determined in both the PPI site and the
TAN site were subjected to rarefaction analysis. Rarefaction curves for the libraries approached
but did not reach a clear saturation, suggesting that analysis of additional clones would likely
reveal further diversity (Figure 2.3). Comparison of rarefaction curves suggests that the bacterial
population at the PPI site is less diverse than that of the TAN site, even though there was a more
extensive clone sampling effort for the PPI site (195 clones) compared to the TAN site (93
clones). The null hypothesis that there is no difference between the species richness at the two
sites was rejected because the 95% confidence interval for each site did not overlap at high
sample size.
Clone coverage was calculated to be 91% at the PPI site and 76% at the TAN site,
indicating that a larger portion of diversity was captured at the PPI site. In addition, there was
less diversity at the PPI site as measured by the Shannon diversity index (3.59 with an evenness
of 0.80 reported by Macbeth et al. (2004) for the TAN site versus 2.19 with an evenness of 0.76
for the PPI site) and number of universal clone OTUs (22 OTUs for the TAN site versus 18
OTUs for the PPI site reported here).
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Figure 2.3: Rarefaction curves of the OTU diversity in the PPI and TAN site16S rRNA gene
universal clone libraries.

LIBSHUFF comparisons of PPI and TAN data indicate that the communities were
derived from significantly different bacterial populations (Table 2.5). The ∆C test statistic, a
measure of the overall distance between the homologous (X) and heterologous (XY) curves, was
highest when comparing the PPI clone or isolate libraries to the TAN site clone libraries
(Comparisons 1 and 2). A significant portion of this difference is due to low heterologous
coverage estimates of D< 0.20 (data not shown), indicating that the clones generated from the
PPI site are composed of many different higher-order taxonomic groups than the TAN aquifer
site. LIBSHUFF comparisons of the PPI clone and isolate libraries were significantly different,
although ∆C values were lower (Comparison 3). Furthermore, poor heterologous coverage, D<
0.15, indicates that these libraries do share deep-branching taxa, but overall differences are
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driven by the dominance of clones related to the Acidaminococcaceae family (clones in OTUs
BLUC-A, -E, -I, and -J) and the Clostridium isolates. It is likely that poor heterologous values in
this comparison are the result of known biases in using culture-dependent and cultureindependent techniques (Amman et al., 1995).
Table 2.5: LIBSHUFF comparisons of isolate and clone libraries
Comparison Homologous (X) coverage data
no.
Library
n
1
PPI clones
195
TAN clones
93

2.4

Heterologous (Y) coverage data
Library
P
∆C
TAN clones
0.001
16.6
PPI clones
0.001
18.2

2

PPI isolates
TAN clones

168
93

TAN clones
PPI isolates

0.001
0.001

17.7
17.4

3

PPI clones
PPI isolates

195
168

PPI isolates
PPI clones

0.001
0.001

11.7
3.75

Discussion
Collectively, the enumeration results indicate that a large number of microorganisms

(>3×107 cells/mL) are present in the groundwater, and 58% of the cells are apparently viable in
spite of the high chlorinated solvent concentrations and acidic pH observed at the sampling
location. For comparison purposes, the total cell concentration observed in groundwater from the
PPI site DNAPL source zone is roughly one third of that observed in the laboratory-grown
enrichment culture employed in a recent bioaugmentation effort (Lendvay et al., 2003). The fact
that direct cell counts via microscopy were four orders of magnitude higher than plate counts
demonstrates that a relatively low percentage (<0.1%) of the microbial community can be
cultured using techniques employed in this study. This is further supported by the fact that of the
18 OTUs in the universal clone library, only three were represented by cultured isolates, and it is
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consistent with previous reports that the majority of bacteria are not enumerated using standard
plate count techniques (Amman et al., 1995).
Of the 18 OTUs represented in the universal clone library, only three (BLUC-M, N, and
O), each consisting of just one clone, were greater than 97.0% similar to previously cultured
microorganisms. Two of these, BLUC-M and BLUC-O, had high similarity to previously
isolated dechlorinating microorganisms. The first, BLUC-M, was 99.8% similar to
“Dehalococcoides sp.” strain VS which is able to reductively dechlorinate dichloroethene and
vinyl chloride to ethene as part of its energy metabolism (Cupples et al., 2003). In a study of 24
chloroethene-dechlorinating sites throughout North America and Europe, at locations where
“Dehalococcoides” was detected complete degradation of chloroethenes was observed. At
locations where “Dehalococcoides” was not detected, incomplete dechlorination was observed
(Hendrickson et al., 2002). This suggests that presence of “Dehalococcoides” is a necessary
prerequisite for complete degradation of chloroethenes (i.e., formation of ethene). Results
described herein further expand the pH habitat and geographic range over which
“Dehalococcoides sp.” have been detected.
The second clone OTU most similar to a previously cultured dechlorinating
microorganism, BLUC-O, was 97.2% similar to “Desulfuromonas michiganensis”, an
acetotrophic anaerobe isolated from freshwater sediment, that reductively dechlorinates 1,1,2,2TeCA (Sung et al., 2003), a contaminant detected at high concentrations in the PPI groundwater
measured in this study, to an end product of cis-DCE. Laboratory studies have also demonstrated
that “D. michiganensis” can grow in the presence of free-phase PCE (reductively dechlorinating
PCE to an end product of cis-DCE), demonstrating that it is tolerant of high chlorinated solvent
concentrations (Sung et al., 2003).
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Detection of sequences closely related to “Dehalococcoides” and “Desulfuromonas
michiganensis” at the PPI Site where DNAPL is present supports the notion that contaminant
degradation is likely occurring in groundwater near the DNAPL source, a phenomenon
previously demonstrated in laboratory studies (Nielsen & Keasling, 1999; Carr et al., 2000; Cope
& Hughes, 2001; Yang & McCarty, 2000, 2002; Dennis et al., 2003). This is particularly true in
the case of “Dehalococcoides” sp. because chlorinated solvents are the only class of compounds
known to serve as their terminal electron acceptors. Provided that this can be further
substantiated, it may broaden the possibility for implementation of monitored natural attenuation
as a scientifically defensible remediation strategy for the DNAPL source zone areas at this and
other sites.
The third OTU with greater than 97.0% similarity to a previously cultured bacterium,
BLUC-N, grouped within the β-Proteobacteria subdivision with 99.6% similarity to
“Brachymonas petroleovorans” strain CHX, an aerobic degrader of light hydrocarbons, including
cyclohexane and toluene, that was isolated from oil refinery wastewater sludge (Rouvière &
Chen, 2003). All of the universal bacterial clones except for this one were most closely related to
facultative or obligate anaerobes.
The remaining 15 OTUs, covering 192 of the 195 universal bacterial clone library
sequences (98% of the total), were distantly related to previously cultured bacteria (less than
97.0% similar). Thus, it appears as if the composition of the microbial population in the DNAPL
source zone at the PPI site is relatively novel and likely includes several new species and even
new genera. Consequently, it is impossible to fully elucidate what function bacteria represented
by these OTUs may serve within the microbial population and what contribution, if any, they
may play in biotransforming contaminants found at the PPI site. It is interesting to note,
however, that of these fifteen OTUs less than 97.0% similar to previously cultured organisms,
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four OTUs (BLUC-B, -K, -L, and -G) comprising a total of 44 clones (23% of the library)
phylogenetically grouped somewhat closely with uncultured or uncharacterized bacteria from
dechlorinating populations (Figure 2.1).
Additionally, ten of the 18 universal clone OTUs (BLUC-A, B, C, D, F, I, J, K, Q, and R)
comprising 162 clones (83%) were most closely related to genera known to exhibit fermentative
and/or hydrogen producing capabilities, namely, Clostridium (Li et al., 2003; Wang et al., 2003),
Trichococcus (Liu et al., 2002), Desulfovibrio (Bryant et al., 1977; Traore et al., 1981),
Megasphaera (Doyle et al., 1995), Selenomonas, Olsenella (Dewhirst et al., 2001),
Solobacterium (Kageyama et al., 2000), Actinomyces (Slack, 1974; Slack & Gerencser, 1975),
and Thermoanaerobacterium (Liu et al., 1996). Fermentative bacteria are generally thought to
play an important syntrophic role in biodegradation of chlorinated solvents by producing
compounds used as electron donors by dechlorinating bacteria. Specifically, some previously
isolated reductively dechlorinating bacteria, including “Desulfuromonas michiganensis”, utilize
fermentation products such as acetate, lactate, or pyruvate as electron donors (Sung et al., 2003,
Gerritse et al., 1996, Sanford et al., 2002, and Sun et al., 2000). Others, for example
“Dehalococcoides”, apparently utilize only H2 (Maymó-Gatell et al., 1997; Adrian et al., 2000;
He et al., 2003).
Like the OTUs from the clone library, most of the isolate OTUs are most closely related
to genera with fermentative capabilities. All but two isolate OTUs (BLI-Q and BLI-R), or 166 of
the 168 isolates (99% of the total), were most closely related to fermentative organisms, with
eight OTUs (BLI-C, F, H, I, K, M, N, O), covering 25 of the 168 isolates (15% of the total),
representing organisms most similar to previously described bacteria that produce hydrogen
during fermentative processes.
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Representatives from the isolate OTUs designated as BLI-B and BLI-L were recently
characterized and described as Propionicicella superfundia gen. nov., sp. nov., and Brooklawnia
cerclae gen. nov., sp. nov. (Bae et al., 2006a, 2006b). These new bacterial genera grow at pH
levels as low as 4.5, tolerate high chlorinated solvent concentrations, and produce propionate and
acetate as fermentation products both in the presence and absence of chlorinated solvents. The
closest cultured phylogenetic relatives of several additional OTUs in both isolate and universal
clone libraries are also known to be acid tolerant. For example, members of the Megasphaera
(Haikara & Helander, 2002), Actinomyces (Takahashi & Yamada, 1999) and Clostridium
(Kuhner et al., 2000; Flythe & Russell, 2005) have been reported to grow at the pH level
observed in groundwater at the PPI site.
The dominance of Firmicute bacteria observed in the PPI clone library and cultured
isolates can be found in other anoxic or anaerobic environments such as termite guts (Kudo et
al., 1998, Schmitt-Wagner et al., 2003), mammal intestinal microflora (i.e., Leser et al., 2002,
Hold et al., 2002, Suau et al., 1999), and deep-water sediments (Humayoun et al., 2003), where
fermentative metabolism is common. It is important to note, however, that high representation of
Firmicutes in the PPI clone library may be partially due to PCR bias because Bacillus and
Clostridium species are known to have high rRNA gene copy numbers (Klapplenbach et al.,
2001).
As statistically shown by LIBSHUFF comparisons, the PPI site clone and isolate libraries
were significantly different. Because of limitations imposed by culturing conditions (media, pH,
carbon source, etc.) that do not closely replicate in-situ environments, isolates that grow on
commonly used culture media such as those employed in this study are not likely to represent
dominant species from in-situ populations (Amman et al., 1995).
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Drawing definitive conclusions regarding the novelty of the microbial population at the
PPI site in comparison to those at other sites is difficult because few clone libraries have been
constructed for similar sites (i.e., those with chloroethanes as dominant contaminants, acidic pH,
or presence of DNAPL). However, current data suggest the bacterial phylotypes collected at the
PPI site are in contrast with the few comparable environments that have been studied. The PPI
site and TAN site populations were statistically different based on LIBSHUFF analysis, partly
because of the abundance of Actinobacteria (36%) in the PPI clone library, compared to no
Actinobacteria in the TAN clone library. Based on the high representation of Actinobacteria in
both the PPI clone and isolate libraries, it is assumed that they play a large role in the in-situ
bacterial community function; however, few or no Actinobacteria representatives have been
reported for clone libraries from PCE, TCE, VC, and dichloropropane dechlorinating enrichment
cultures (Richardson et al., 2002; Gu et al., 2004; Dennis et al, 2003; Rossetti et al., 2003;
Schlötelburg et al., 2002).
Potential reasons why the PPI bacterial community may be novel and less diverse than
the TAN bacterial community include the unique mixture of chlorinated solvents, low pH
conditions, and high sulfate concentrations at the PPI site. In a study of soil bacterial
communities at numerous locations worldwide, Fierer & Jackson (2006) found that
environmental pH was the best predictor of bacterial diversity and richness, with peak diversity
and richness values at a pH of approximately 7, and decreased values at pH higher or lower.
Community differences, however, may also result from differences in geographic location,
differences in geochemistry, or the fact that there was addition of an exogenous electron donor
(lactate) at the TAN site. Addition of electron donors has previously been shown to affect
microbial community structure (North et al., 2004). This latter effect may be the reason for the
higher portion of dechlorinators observed in some enrichment cultures (Richardson et al., 2002;
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Gu et al., 2004) compared to in-situ systems (Macbeth et al., 2004; this study). It should be
noted, however, that not all enrichment cultures follow this trend, and many clone libraries
contain sequences from as yet uncultured bacteria with unknown functions (Dennis et al., 2003;
Rossetti et al., 2003). In the study described here, 98% of the sequences belong to taxonomic
groups that are distinct at the species level or higher (less than 97% similar) and have not been
described previously. It is anticipated that as the body of knowledge increases, data presented
herein will contribute to a better understanding of bacterial structure-function relationships insitu at this and other sites.
The significance of the fact that the clone library constructed using “Dehalococcoides”specific PCR primers revealed many closely related but unique 16S rRNA gene sequences is
unclear at this point. There is some evidence that multiple strains closely related to “D.
ethenogenes” may be responsible for degradation of chlorinated compounds in some locations.
For example, Hendrickson et al. (2002) reported that the population in a microcosm constructed
from sludge collected from the bottom of a pond at an industrial site in Beaumont, TX (USA),
contained three unique “Dehalococcoides” 16S rRNA gene sequences (AF388531, AF388532,
and AF388533). They also reported that groundwater from an industrial site in Niagara Falls, NY
(USA), contained two unique 16S rRNA gene sequences (AF388544 and AF388545). Duhamel
et al. (2002) reported that an enrichment culture, referred to as “KB-1”, derived from soil and
groundwater from a contaminated site in Southern Ontario, Canada, contained five distinct
sequences closely related to “D. ethenogenes”. Richardson et al. (2002) reported ten unique 16S
rRNA gene sequences closely related to “Dehalococcoides” in an anaerobic enrichment culture
derived from contaminated soil at the Alameda Naval Air Station, CA (USA).
Members of the “Dehalococcoides” group can have a high degree of similarity in the 16S
rRNA gene but use different chlorinated compounds as terminal electron acceptors. For example,
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three isolated “Dehalococcoides” strains, strain VS, strain 195, and strain CBDB1 are
phylogenetically similar on the basis of 16S rRNA gene sequences (>98.8% similar), but each
meets its energy needs using different chlorinated compounds as terminal electron acceptors
(Maymó-Gatell et al., 1999; Adrian et al., 2000; Cupples et al., 2003; Hölscher et al., 2004).
Because of the relatively small number of “Dehalococcoides” strains isolated and characterized
to date, genetic variability within the “Dehalococcoides” 16S rRNA clone library from the PPI
site cannot yet be correlated with specific functional roles in contaminant transformation.
2.5

Conclusions
Groundwater analysis revealed total aqueous-phase chlorinated solvent concentrations

exceeding 1000 mg L-1, including chloroethanes, vinyl chloride, 1,2-dichloropropane, and
hexachloro-1,3-butadiene as primary contaminants. Direct counting of stained cells revealed
more than 3×107 cells mL-1 in the groundwater, with 58% intact and potentially viable. 195
universal clones with sequence similarity greater than or equal to 97.0% grouped into 18 OTUs
that were dominated by Firmicutes (62%) and included several as yet uncultured or undescribed
organisms. 168 sequenced isolates were phylogenetically grouped into 18 OTUs, of which only
three were represented in the clone library. Many closely related, but unique 16S rRNA gene
“Dehalococcoides” sequences were detected, indicating the presence of “Dehalococcoides”
species in the DNAPL contaminated groundwater.
Despite the acidity and the saturation or near-saturation chlorinated solvent
concentrations observed at the PPI sampling location, data presented here suggests that large
numbers of novel bacteria are present in groundwater within the DNAPL source zone. Among
these OTUs were microorganisms closely related to known dechlorinators, fermentors, and
hydrogen producers. These data, supported by microcosm data and chemical analysis that
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revealed degradation products, suggests that dechlorination is likely occurring in spatial locations
in close proximity to DNAPL.
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CHAPTER 3: CHLORINATED SOLVENT TOLERANCE OF CLOSTRIDIUM SPECIES
3.1 Introduction
Phylogenetic analysis of 195 clone and 168 isolate sequences from the PPI site DNAPL
source zone groundwater (Chapter 2) revealed that many of the sequences grouped in operational
taxonomic units (OTUs) that were most similar to fermentative and hydrogen-producing
organisms. Of the 18 isolate OTUs, 11 were most closely related to Clostridium species (Chapter
2, Table 2.4). Many members of the genus Clostridium have hydrogen-producing capabilities
(e.g. Karube et al., 1976; Brosseau & Zadic, 1982; Heyndrickx et al., 1991; Lin et al., 2007).
Furthermore, Clostridium species have been identified as microbial consortium members in
several chlorinated solvent degrading mixed cultures (Richardson et al., 2002; Dennis et al.,
2003; Gu et al., 2004; Macbeth et al., 2004).
Research reported here was conducted to assess the ability of nine Clostridium isolates
originating from moderately-acidic, chlorinated solvent contaminated groundwater at the
PetroProcessors of Louisiana, Inc. (PPI) Superfund Site to produce hydrogen when grown in the
presence of various concentrations of 1,2-dichloroethane (DCA), 1,1,2-trichloroethane (TCA),
and tetrachloroethene (PCE). All three of these chlorinated solvents are common environmental
pollutants (Wiedmeier et al., 1998). These isolates represent nine of 18 previously described
operational taxonomic units (OTUs) obtained from the site (Chapter 2, Table 2.4). For
comparative purposes, the ability of the type strains of nine Clostridium species previously
shown to produce hydrogen was also tested at various concentrations of DCA, TCA, and PCE.
3.2 Experimental Design
3.2.1

Microorganisms
Isolates designated as BL-3, BL-8, BL-17, BL-20, BL-21, BL-22, BL-26, BL-28, and
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BL-30 were previously isolated from groundwater collected from a waste recovery well (W1024-1) located within the Brooklawn portion of the PPI Superfund Site (Chapter 2, Section
2.2.8). They were subsequently cultured in R2A broth (formulation of R2A agar (Atlas, 2004)
but without solidifying agent) supplemented with 10 mM phosphate buffer, 1.0 mg/L resazurin,
and 0.25 g/L cysteine hydrochloride, adjusted to pH of 6.0, and preserved at -80ºC in 5%
dimethyl sulfoxide (DMSO). These isolates have been deposited in the Agricultural Research
Service Culture Collection, National Center for Agricultural Utilization Research, US
Department of Agriculture, Peoria, IL, USA (accession numbers listed in Table 3.1). Clostridium
type strains (listed in Table 3.1) were obtained from public culture collections.
3.2.2

Culture Media and Procedures
R2A broth prepared as described above (Section 3.2.1) was used as the growth medium

for all strains except for C. puniceum and C. thiosulfatireducens, which did not grow at pH 6.0.
These latter strains were grown in R2A medium prepared as described above but at pH 7.2. For
comparison purposes, strain BL-3 was tested in media at both pH levels.
Batch hydrogen production experiments were conducted in 160 mL serum bottles
containing 80 mL liquid medium and 80 mL gas headspace. Bottles were sealed with butyl
rubber stoppers and aluminum crimp caps. Gas headspace was purged with ultra high purity
nitrogen prior to autoclaving. Neat, filter-sterilized PCE (99% purity), TCA (97% purity), or
DCA (≥99% purity) (all from Sigma Aldrich, St. Louis) was then added. Bottles were vigorously
shaken and allowed to equilibrate for a minimum of 24 hr prior to inoculation. To verify
aqueous-phase chlorinated solvent concentrations, duplicate negative controls were analyzed by
gas chromatography as described below.
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Serum bottles were inoculated with exponential-growth phase cultures grown
anaerobically in R2A broth as described above but without chlorinated solvents. Growth in
cultures used for inoculation was measured spectrophotometrically at 600 nm (Smart SpecPlus,
Bio-Rad, Hercules, CA). Cultures were diluted to 0.1 absorbance units prior to inoculation of
serum bottles (1% v/v). Uninoculated bottles served as negative controls. Bottles were incubated
at 30oC under static conditions for a duration of two weeks, after which gas production volumes
and headspace hydrogen concentrations were measured. All experiments were performed in
duplicate.
To determine if strains reductively dechlorinated DCA, TCA or PCE, serum bottles
containing 0.1 mM chlorinated solvent and bottles containing the maximum chlorinated solvent
concentrations at which hydrogen production was observed for each strain were analyzed for
presence of chlorinated solvent degradation daughter products (e.g., trichloroethene (TCE),
dichloroethene (DCE), vinyl chloride (VC), chloroethane (CA)) via gas chromatography.
3.2.3

Analytical Methods
The volume of biogas produced in each serum bottle was measured as described by Owen

et al. (1979). Hydrogen concentrations in headspace gas were measured using a gas
chromatograph (model 310; SRI Instruments, Torrence, CA) equipped with a thermal
conductivity detector and molecular sieve column (Alltech Molesieve 5A 80/100) as described
previously (van Ginkel et al., 2001).
Chlorinated solvent concentrations were measured using an HP model 6890 gas
chromatograph equipped with a flame ionization detector and GS-GasPro capillary column (60
m × 0.32 mm I.D., J&W P/N 113-4362) with helium as carrier gas. Gas headspace samples were
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introduced via direct injection. Aqueous samples were purged with helium in a Tekmar 3000
Purge and Trap with sample introduction to the GC using a Tekmar 2016 concentrator.
3.2.4

Phylogenetic Analysis
A phylogenetic tree was constructed based on 16S rRNA gene sequences using MEGA

version 3.1 (Kumar et al., 2004). The method of Jukes & Cantor (1969) was used to calculate
evolutionary distances. Phylogenetic dendrograms and bootstrap analyses were generated using
algorithms contained in the PHYLIP package (Felsenstein, 1993).
3.3 Results
16S rRNA gene sequence based phylogenetic analysis of the isolates originating from the
PPI site placed eight of the nine within cluster I of the genus Clostridium as defined by Collins et
al. (1994). The other isolate, BL-21, fell within the radiation of cluster XI of the genus
Clostridium (Figure 3.1). Based on the relationships of the isolates to previously described
Clostridium species, a number of hydrogen-producing type strains were tested. These included
C. butyricum, the type species of the genus Clostridium, C. pasteurianum, known to produce
large amounts of hydrogen (Lin & Chang, 2004; Liu & Shen, 2004), C. aciditolerans isolated
from an acidic environment (Lee et al., 2007), and C. diolis, C. ludense, C. puniceum, C.
saccharoperbutylacetonicum, C. thiosulfatireducens, and C. beijerinckii which share >99% 16S
rRNA gene sequence similarity with isolates from the PPI site.
All of the PPI isolates and type strains produced hydrogen in the absence of chlorinated
solvents. In the absence of chlorinated solvents, the quantity of hydrogen produced ranged from
1.2 mmol hydrogen/L media for BL-3 (at pH=7.2) to 10.2 mmol hydrogen/L media for BL-22
(See Table 3.1). Several of the bacteria produced similar quantities of hydrogen. For example,
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Figure 3.1: Neighbor joining dendrogram showing 16S rRNA gene sequence relationships
between PPI isolates, Clostridium type strains tested in this study and related species. PPI
isolates are in bold, Clostridium type strains tested in this study are denoted with an asterisk. Bar
represents 2 substitution per 100 nucleotide positions. Numbers at branching points denote
bootstrap values for nodes with significant bootstrap values (i.e., greater than 95%).
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Table 3.1: Hydrogen produced in the absence of chlorinated solvent after two weeks of
incubation at 30ºC.
Organism
BL-3 (pH 6.0) (NRRL B-51345) a
BL-3 (pH 7.2) (NRRL B-51345) a
BL-8 (NRRL B-51346) a
BL-17 (NRRL B-51347) a
BL-20 (NRRL B-51348) a
BL-21 (NRRL B-51349) a
BL-22 (NRRL B-51350) a
BL-26 (NRRL B-51351) a
BL-28 (NRRL B-51352) a
BL-30 (NRRL B-51353) a
C. aciditolerans (DSM 17425T) b
C. beijerinckii (DSM 791T) c
C. butyricum (DSM 10702T) c
C. diolis (DSM 15410T) c
C. ludense (DSM 17049T) c
C. pasteurianum (DSM 525T) c
C. puniceum (DSM 2619T) c
C. saccharoperbutylacetonicum (DSM 14923T) c
C. thiosulfatireducens (DSM 13105T) c
a

Hydrogen Concentration
mmol H2/L media
9.3 (±0.6)
1.2 (±0.1)
9.0 (±0.1)
3.7 (±0.3)
9.0 (±0.6)
5.5 (±0.1)
10.2 (±0.7)
9.2 (±1.1)
9.4 (±0.6)
2.6 (±0.0)
5.1 (±0.2)
5.1 (±0.1)
7.0 (±0.1)
10.0 (±0.1)
2.3 (±0.1)
6.4 (±0.1)
5.8 (±0.8)
7.2 (±0.1)
1.8 (±0.1)

NRRL designates the Agricultural Research Service Culture Collection, National Center
for Agricultural Utilization Research, US Department of Agriculture, Peoria, IL, USA
b
Provided by Jürgen Wiegel, University of Georgia, USA
c
Obtained from the Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH
(DSMZ), Braunschweig, Germany.
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BL-3 (at pH=6.0), BL-8, BL-20, BL-22, BL-26, BL-28, and C. diolis produced 9.0-10.2 mmol
hydrogen/L media. Other bacteria tested produced hydrogen, but in a lower quantity. BL-3 (at
pH=7.2), BL-30, C. lundense, and C. thiosulfatireducens produced the least hydrogen, 1.2-2.6
mmol hydrogen/L media, in the absence of chlorinated solvents.
The total amount of hydrogen produced (expressed in units of mmol H2 produced per L
liquid growth medium) during the two-week incubation period by bacteria subjected to various
aqueous-phase DCA concentration is shown in Figure 3.2. All of the bacteria tested produced
hydrogen in the presence of DCA concentrations of at least 7.4 mM. When present at a
sufficiently high concentration, DCA had an inhibitory effect on hydrogen production. The DCA
concentration above which hydrogen production ceased varied between the various organisms.
C. saccharoperbutylacetonicum produced hydrogen at a DCA concentration of 29.7 mM, which
is below DCA saturation of 88.6 mM at 30ºC (Horvath et al., 1999). BL-3 (at pH=7.2), BL-26,
C. butyricum, and C. thiosulfatireducens ceased hydrogen production at DCA concentrations
above 27.2 mM. C. beijerinckii did not produce hydrogen above DCA concentrations of 9.8 mM,
and BL-21 did not produce hydrogen above DCA concentrations of 7.4 mM. For many of the
organisms tested (e.g., BL-20 and C. pasteurianum), the quantity of hydrogen produced was
unaffected by DCA until reaching a DCA threshold concentration above which hydrogen
production was not observed. Other bacteria, including BL-26 and C. butyricum, exhibited a
gradual decrease in hydrogen production as DCA concentrations increased (Figure 3.2).
The quantity of hydrogen produced at various aqueous-phase TCA concentrations is
shown in Figure 3.3. C. thiosulfatireducens and BL-3 (both at pH=7.2) produced hydrogen at
TCA concentrations up to 9.8 mM, which is below the saturation limit of 35.3 mM at 30ºC
(Horvath et al., 1999). Other strains ceased hydrogen production at lower TCA concentrations.
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Figure 3.2: Hydrogen produced during a two-week incubation period as a function of aqueousphase DCA. Strains were tested at a pH of 6.0, unless otherwise noted. Error bars denote the
range of values measured in replicate tests and when smaller than symbols are not visible.
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BL-21, C. beijerinckii, and C. pasteurianum did not produce hydrogen at TCA concentrations
above 2.5 mM. As with DCA, there was a TCA threshold concentration above which hydrogen
production was not observed for many strains (e.g., BL-3 and C. saccharoperbutylacetonicum).
The quantity of hydrogen produced gradually decreased with increasing TCA concentrations for
others (BL-17 and C. butyricum) (Figure 3.3).
With BL-3, BL-20, BL-22, BL-28, BL-30, C. acidotolerans, C. pasteurianum, C.
puniceum, C. saccharoperbutylacetonicum, and C. thiosulfatireducens, hydrogen production was
unaffected by the presence of PCE at concentrations up to 1.1 mM (Figure 3.4), which is close to
the saturation limit of 1.2 mM at 30 ºC (Horvath et al., 1999). Isolates and type strains that
produced hydrogen in 1.1 mM PCE were also tested for hydrogen production in the presence of
PCE as a dense non-aqueous phase liquid (DNAPL) by the addition of 1.9 times the volume of
PCE required to reach saturation. None of the PPI isolates or type strains tested produced
hydrogen in PCE-saturated DNAPL-containing solution. PCE had the greatest adverse effect on
hydrogen production by BL-21 and C. butyricum; hydrogen production was not observed at PCE
concentrations above 0.31 mM.
Maximum chlorinated solvent concentrations at which hydrogen production was
observed are summarized in Table 3.2. With the exception of C. butyricum and C. pasteurianum,
strains most tolerant of one chlorinated solvent were also able to produce hydrogen at relatively
high concentrations of the other two. For example, C. saccharoperbutylacetonicum produced
hydrogen in the highest DCA and PCE concentrations (29.7 mM and 1.1 mM, respectively), and
at a relatively high TCA concentration (7.4 mM). Similarly, C. thiosulfatireducens, produced
hydrogen in the highest TCA and PCE concentrations and at a relatively high DCA concentration
(27.4 mM) . In contrast, C. butyricum produced hydrogen in the presence of DCA at the
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Table 3.2: Maximum chlorinated solvent concentrations at which hydrogen production
was observed.

Organism
BL-3 (pH 6.0) (NRRL B-51345) a
BL-3 (pH 7.2) (NRRL B-51345) a
BL-8 (NRRL B-51346) a
BL-17 (NRRL B-51347) a
BL-20 (NRRL B-51348) a
BL-21 (NRRL B-51349) a
BL-22 (NRRL B-51350) a
BL-26 (NRRL B-51351) a
BL-28 (NRRL B-51352) a
BL-30 (NRRL B-51353) a
C. aciditolerans (DSM 17425T) b
C. beijerinckii (DSM 791T) c
C. butyricum (DSM 10702T) c
C. diolis (DSM 15410T) c
C. ludense (DSM 17049T) c
C. pasteurianum (DSM 525T) c
C. puniceum (DSM 2619T) c
C. saccharoperbutylacetonicum (DSM 14923T) c
C. thiosulfatireducens (DSM 13105T) c
a

Chlorinated Solvent (mM)
DCA
TCA
PCE
17.8
4.9
1.1
27.4
9.8
1.1
19.8
4.9
0.81
12.3
4.9
0.81
22.2
4.9
1.1
7.4
2.4
0.31
22.2
7.4
1.1
27.2
7.4
0.81
19.8
7.4
1.1
19.8
7.4
1.1
22.2
4.9
1.1
9.8
2.4
0.56
27.2
4.9
0.31
17.3
4.9
0.56
17.3
4.9
0.56
12.3
2.4
1.1
19.8
4.9
1.1
29.7
7.4
1.1
27.4
9.8
1.1

NRRL designates the Agricultural Research Service Culture Collection, National Center
for Agricultural Utilization Research, US Department of Agriculture, Peoria, IL, USA
b
Provided by Jürgen Wiegel, University of Georgia, USA
c
Obtained from the Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH
(DSMZ), Braunschweig, Germany.
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comparatively high concentration of 27.2 mM, but did not produce hydrogen at PCE
concentrations above 0.31 mM. Likewise, C. pasteurianum produced hydrogen in the
comparatively high concentration of 1.1 mM PCE but ceased hydrogen production at TCA
concentrations above 2.4 mM.
No products of reductive dechlorination were detected in serum bottles for any of the PPI
isolates or type strains.
3.4 Discussion
For non-chlorinated solvents (e.g., alcohols, alkanes, and aromatic hydrocarbons),
toxicity has been correlated previously to hydrophobicity as measured by the log of partition
coefficients in a standard octanol/water system, log Kow (Sikkema et al., 1995). Compounds with
log Kow between 1.5 and 4 are generally toxic to microorganisms (Inoue & Horikoshi, 1991;
Sikkema et al., 1994), with maximum toxicity exhibited by compounds with log Kow between 2
and 4 (Kieboom & de Bont, 2000). The adverse effects of DCA, TCA, and PCE on hydrogen
production by the bacteria tested here are consistent with these previous observations. DCA (log
Kow 1.48) (Alvarez & Illman, 2006) had the least effect on hydrogen production, followed by
TCA (log Kow 2.47) (Alvarez & Illman, 2006), and PCE (log Kow 2.60) (Alvarez & Illman,
2006).
All of the isolates from the PPI site and the type strains were capable of producing
hydrogen in the presence of at least 7.4 mM DCA, 2.4 mM TCA, and 0.31 mM PCE. The DCA
and TCA concentrations averaged 5.5 mM and 2.8 mM respectively in groundwater at the PPI
site location from which the nine PPI isolates originated (Chapter 2, Table 2.1). PCE is also
present in groundwater at the PPI site, though it was at a concentration less than 0.15 mM in
samples from which the isolates originated. Chlorinated solvent concentrations much lower than
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this are typical of the majority of groundwater plumes at contaminated sites (Pankow & Cherry,
1996). Maximum chlorinated solvent concentrations at which hydrogen production were
observed was 29.7 mM DCA, 9.8 mM TCA, and 1.1 mM PCE, which is 5.4 times the
concentration of DCA, 3.5 times the concentration of TCA, and at least 7.3 times the
concentration of PCE determined at the PPI site.
The ability of these 18 type strains and isolates to produce hydrogen in the presence of
high concentrations of DCA, TCA, and PCE suggests that this ability is widespread amongst the
genus Clostridium (Figure 3.1). Additionally, because type strains were isolated from a variety of
anaerobic environments that did not contain high levels of chlorinated solvents, including
decaying straw (C. diolis) (Biebl & Spröer, 2002), rotting potatoes (C. puniceum) (Lund et al.,
1982), and the rumen (C. lundense) (Cirne et al., 2006), data from this study suggests that
hydrogen production in the presence of high levels of DCA, TCA, and PCE, is not an adaptation
unique to hydrogen-producing strains previously exposed to chlorinated solvents.
Some Clostridium species, including several tested in the research reported here, produce
non-chlorinated solvents (e.g., acetone, butanol, and ethanol), which can accumulate to high
concentrations (van der Westhuizen et al., 1982). Although the exact mechanism for the solvent
tolerance is unknown, the tolerance of C. acetobutylicum to butanol has been attributed to a
decrease in fluidity of the membrane lipid bilayer as a result of an increase in the ratio of
saturated to unsaturated fatty acids (Baer et al., 1989). Data reported here expand the classes of
solvents that members of the genus Clostridium are known to tolerate beyond alcohols and
ketones to include both chlorinated aliphatic alkanes (DCA, TCA) and alkenes (PCE). It also
markedly expands the solvent log Kow range which members of the genus are known to tolerate.
The non-chlorinated solvents that Clostridium species have been previously shown to tolerate
(acetone, butanol, and ethanol) have markedly lower log Kow values (-0.24, -0.32, and 0.88,
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respectively) (Alvarez & Illman, 2006) than DCA, TCA, and PCE (log Kow 1.48, 2.47, and 2.60,
respectively). Ability of Clostridium strains to produce hydrogen in the presence of these latter
compounds, with log Kow values in the range generally toxic to microorganisms (Inoue &
Horikoshi, 1991; Sikkema et al., 1994 Kieboom & de Bont, 2000), is of practical importance
because many bacterial taxa capable of reductive dechlorination require exogenous supply of
hydrogen as an electron donor (DiStefano et al., 1992; Ballapragada et al., 1997; Maymó-Gatell
et al., 1999).
In several cases, the chlorinated solvent concentrations above which hydrogen production
ceased for PPI isolates differed from Clostridium type strains with high similarity in 16S rRNA
gene sequences. For example isolate BL-26, which is 99.2% similar to C. beijerinckii, produced
hydrogen in the presence of DCA concentrations 2.8 times higher and TCA concentrations 3.1
times higher than C. beijerinckii. Isolate BL-8, which is 99.3% similar to C.
saccharoperbutylacetonicum in 16S rRNA gene sequence, produced hydrogen only up to DCA,
TCA, and PCE concentrations 0.7 times those observed for C. saccharoperbutylacetonicum. In
other cases, chlorinated solvent tolerance for hydrogen production of PPI isolates and type strain
sharing high 16S rRNA gene sequence similarity were similar or identical. At pH of 7.2, the
maximum chlorinated solvent concentrations at which hydrogen was produced by BL-3 was
identical to that of its closest phylogenetic relative (98% 16S rRNA gene sequence similarity), C.
thiosulfatireducens, in that both strains produced hydrogen at concentrations up to 27.4 mM
DCA, 9.8 mM TCA, and 1.1 mM PCE (Table 3.2). These data demonstrate that phylogenetically
similar bacteria do not necessarily have the same ability to produce hydrogen in the presence of
DCA, TCA, or PCE.
The quantity of hydrogen produced by BL-3 in the absence of chlorinated solvents (Table
3.1) at a pH of 7.2 was substantially less than the quantity of hydrogen produced at pH of 6.0
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(1.2 mmol hydrogen/L media vs. 9.3 mmol hydrogen/L media). The ability of BL-3 to produce
hydrogen in the presence DCA and TCA was also different at the two pH levels tested. BL-3
produced hydrogen in the presence of higher DCA and TCA concentrations at pH of 7.2 than at
pH of 6.0 (27.4 mM vs. 19.8 mM and 7.4 mM vs. 4.9 mM for DCA and TCA, respectively).
These results reveal that both the quantity of hydrogen produced and the maximum chlorinated
solvent concentrations at which hydrogen is produced vary with pH. Furthermore, there is no
direct correlation between the quantity of hydrogen produced and the maximum chlorinated
solvent concentrations in which Clostridium species produce hydrogen.
Bacteria reported to be Clostridium species have been described previously to possess the
ability to reductively dehalogenate chlorinated solvents. In particular, C. bifermentans strain
DPH-1 was reported to biotransform PCE, trichloroethene (TCE), trans-dichloroethene (DCE),
1,2-cis DCE, 1,1-DCE, and DCA (Chang et al., 2000, 2001). Recently, however, it was
demonstrated that DHP-1 was, in fact, a binary culture comprised of a non-dechlorinating
Clostridium sp. and a PCE dechlorinating Desulfitobacterium hafniense strain (Fletcher et al.,
2008). No reductive dechlorination daughter products were detected in serum bottles for any of
the PPI isolates or type strains. Thus, biotransformation was not a mechanism enabling
chlorinated solvent tolerance in this case.
3.5 Conclusions
None of the Clostridium strains isolated from the PPI site or the type strains obtained
from culture collection biotransformed chlorinated solvents under the conditions tested. Results
demonstrated, however, that many Clostridium species are chlorinated solvent tolerant,
producing hydrogen even in the presence of high concentrations of DCA, TCA, and PCE.
Because Clostridium species can produce hydrogen even in the presence of high concentrations
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of chlorinated solvents, they may serve a functional role in facilitating anaerobic chlorinated
solvent bioremediation through intra-species hydrogen transfer.
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CHAPTER 4: RATE AND YIELD OF HYDROGEN PRODUCTION BY CLOSTRIDIUM
ISOLATES AND REFERENCE STRAINS
4.1 Introduction
Fermentative hydrogen-producing bacteria likely play an important role in anaerobic
biotransformation of chlorinated solvents because of their putative role in providing electron
donors for anaerobic dehalorespiration. Microbially produced hydrogen could also potentially
serve as a source of renewable energy for human use. As a fuel, hydrogen is an attractive option
both because it has high energy content and because its reaction with oxygen in a fuel cell results
in the environmentally benign final product of water. Microbially mediated hydrogen production
has been demonstrated in dark fermentation processes employing a variety of renewable
feedstocks including sewage sludge, agricultural and livestock effluents, and animal excreta
(Nath & Das, 2003; Han & Shin, 2004).
A wide variety of substrates can be used for anaerobic microbial fermentation (Hawkes et
al., 2007). The most intensively studied substrate to date for biological hydrogen production is
glucose (Hawkes et al., 2002). Hydrogen is produced by hydrogenase enzymes, which catalyze
oxidation of ferredoxin and proton reduction, functioning to remove excess reducing equivalents
produced during fermentation (Nath & Das, 2004; Vrije & Classen, 2003). From presently
known anaerobic fermentation pathways, the maximum theoretical yield is 4 moles hydrogen per
mole glucose consumed (Thauer et al., 1977). This maximal yield would be obtained when
acetic acid alone is the sole organic end-product, as represented in Equation 4.1 (Hawkes et al.,
2007).
C6H12O6 + 2H2O → 2CH3COOH + 2CO2 + 4H2
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[4.1]

When other (or additional) end-products are produced in fermentation, the hydrogen yield
is lower than four moles hydrogen per mole glucose consumed. For example, if butyrate is the
sole end-product produced, then the maximum yield would be two moles H2 per mole glucose as
represented in Equation 4.2 (Hawkes et al., 2007):
C6H12O6 → 2CH3CH2CH2COOH + 2CO2 + 2H2

[4.2]

In addition to hydrogen and carbon dioxide, acetate and butyrate are typical end-products
during fermentative hydrogen production by Clostridium species (Taguchi et al., 1992; Chen et
al., 2005).
Culture conditions have been shown to influence the end products that are formed, and
thus, hydrogen yield. Among the various parameters that influence hydrogen yield are substrate
composition, temperature, pH, hydraulic retention time, gas partial pressure, and microbial
community members (Hawkes et al., 2002; Lin et al., 2007).
Various bacteria, such as members of the genera Enterobacter, Bacillus and Clostridium
are able to produce hydrogen through dark (i.e., non-photosynthetic) anaerobic fermentation
(Taguchi et al., 1993; Kalia et al., 1994; Taguchi et al., 1995; Kumar & Das, 2001; Fabiano&
Perego 2002; Lin et al., 2007). Among the fermentative microorganisms studied to date in pure
culture, Clostridium species exhibit a comparatively high rate of hydrogen evolution and
reportedly produce the highest hydrogen yields (Park et al., 2005). Clostridium species have also
been identified, frequently as the dominant species, in fermentative hydrogen-producing mixed
cultures (Ueno et al., 2001; Fang et al., 2002a; Fang et al., 2002b; Chang et al., 2006; Kim et al.,
2006).
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Clostridium species that have been studied for hydrogen production capabilities include
C. acetobutylicum, C. beijerinckii, C. butyricum, C. pasteurianum, and C. tyrobutyricum (Karube
et al., 1976; Brosseau & Zadic, 1982; Heyndrickx et al., 1991; Lin et al., 2007). Extensive
diversity has been observed among uncultured and as-yet uncharacterized Clostridium members.
Numerous clostridia cloned and/or isolated from various environments, including high hydrogenproducing mixed culture reactors, likely represent new species based on the fact that they have
less than 97% 16S rRNA gene sequence identity to previously described organisms (Ueno et al.,
1991; Fang et al., 2002; Iyer et al., 2004; O-Thong et al., 2009). The potential hydrogenproducing capacity of these, and other newly described clostridia, has yet to be determined.
The goal of the study described in this chapter was to characterize the hydrogenproducing capability of two previously uncharacterized Clostridium isolates designated as BL-20
and BL-22. For comparative purposes, two Clostridium type strains representing species with
reportedly high hydrogen production abilities were also tested, C. acetobutylicum (DSM 792T)
and C. butyricum (DSM 10702T) (Karube et al., 1976; Yokoi et al., 1997; Chin et al., 2003;
Zhang et al., 2006; Lin et al., 2007).
4.2 Experimental Design
4.2.1

Microorganisms
Clostridium strains BL-20 and BL-22 were isolated from groundwater collected from a

waste recovery well (W-1024-1) located within the Brooklawn portion of the PPI Superfund Site
as described in Chapter 2 (Section 2.2.8). Clostridium type strains C. acetobutylicum (DSM
792T) and C. butyricum (DSM 10702T) were obtained from the Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH (DSMZ), Braunschweig, Germany. Both strains were
reconstituted in the media recommended by DSMZ, C. acetobutylicum in milk medium (DSMZ
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Medium 411) and C. butyricum in PYG medium (DSMZ Medium 104b). Both strains were
subsequently cultured and preserved in R2A broth as previously described in Chapter 3 (Section
3.2.1).
4.2.2

Culture Media and Procedures
Hydrogen rate and yield were assessed for strains grown in anaerobic 1% glucose

medium prepared at pH of 6 as described by Logan et al. (2002), supplemented with yeast
extract (0.5 g L-1) and resazurin (1.0 mg L-1). Experiments were conducted in 160 mL serum
bottles containing 80 mL glucose media and 80 mL gas headspace. Bottles were sealed with
butyl rubber stoppers and aluminum crimp caps. Gas headspace was purged with ultra high
purity nitrogen prior to autoclaving.
Cultures growing exponentially in the glucose medium were diluted to 0.1
spectrophotometric absorbance units (at 600 nm) prior to inoculating serum bottles (1% v/v).
Uninoculated bottles served as negative controls. Incubation was at 30oC under static conditions.
Hydrogen yield was assessed from glucose and hydrogen measurements made at the time
when bottles were inoculated (t=0), and 48 hours following the onset of stationary/death phase
defined by a lack of increase in UV absorbance readings at 600 nm. Maximum specific hydrogen
production rate was determined from biogas production volumes, hydrogen concentrations, and
volatile suspended solids (VSS) concentrations measured in duplicate bottles sacrificed every 1-2
hours during the exponential growth phase.
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4.2.3

Analytical Methods
Gas production volume was measured as described by Owen et al. (1979) and hydrogen

concentrations were measured by GC (see Section 3.2.3 for GC details) as previously described
by van Ginkel et al. (2001).
Glucose was measured using the phenol sulfuric acid method as described by Dubois et
al. (1956). A glucose standard curve was prepared following analysis of the following glucose
concentrations in duplicate: 1, 15, 20, 35, 50, and 70 mg/L. Unknown samples were diluted to
concentrations that fit within the range of the standard curve.
Biomass concentration was measured in terms of VSS according to Standard Method
2540 (APHA, 1995). The pH (Orion 290) and spectrophotometric absorbance at 600 nm (Hach
DR/4000V) were measured at each of the time steps.
4.2.4

Data Analysis
Hydrogen yield was calculated in terms of mmol hydrogen produced divided by mmol

glucose consumed from time zero (t=0) to the last set of measurements.
For each strain tested, cumulative hydrogen production data was fitted to a modified
Gompertz equation, Equation 4.3 (Zwietering et al., 1990; Lay et al., 1999).
⎧
⎡R×e
⎤⎫
(λhyd − t ) + 1⎥ ⎬
H (t ) = H max × exp ⎨− exp ⎢
⎣ H max
⎦⎭
⎩

[4.3]

Where H(t) is cumulative hydrogen production (mL), Hmax is the maximum total amount
of hydrogen produced, R is the maximum hydrogen production rate (mL/hr), λhyd is the hydrogen
production lag phase time (hr), t is time (hr), and e is 2.718282. Cumulative hydrogen data was
fit with the “Dynamic Fit” function in Sigma Plot 10.0 to determine the best fit values for Hmax,
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R and λhyd in Equation 4.3 and to generate an equation describing the progress of cumulative
hydrogen production (H(t)).
Biomass production data (g VSS) for growth from the lag phase to the stationary phase
was similarly plotted with Sigma Plot and fitted to a modified Gompertz equation to generate an
equation for biomass accumulation, Equation 4.4:
⎧
⎡M ×e
⎤⎫
(λbiom − t ) + 1⎥ ⎬
B (t ) = Bmax × exp ⎨− exp ⎢
⎣ Bmax
⎦⎭
⎩

[4. 4]

Where B(t) is cumulative biomass (g VSS), Bmax is the maximum amount of biomass (g
VSS) produced, M is the maximum biomass production rate (g VSS/hr), λbiom is the biomass lag
phase time (hr), t is time (hr), and e is 2.718282. Like the data for cumulative hydrogen
production, biomass data were fit with the “Dynamic Fit” function in Sigma Plot 10.0 to
determine the best fit values for Bmax, M and λbiom in Equation 4.4. These data were used to
generate an equation describing net biomass growth from the beginning of the experiment to the
onset of stationary growth.
The second derivative of the cumulative hydrogen production equation with respect to t
(i.e., equation 4.3) was set equal to zero to determine the time, t, when the maximum hydrogen
production rate (R) was occurring (Zwietering et al., 1990). This time was substituted in the
cumulative biomass equation (i.e., equation 4.4) to calculate the biomass when hydrogen
production was at its maximum, which is B(t) at R.
The maximum specific hydrogen production rate (mL H2•hr-1•g VSS-1) for each strain
was determined by dividing the maximum hydrogen production rate, R (mL H2•hr-1) by the
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biomass quantity (g VSS) present in the serum bottles at the time when hydrogen production was
at its maximum.
4.3 Results
A plot of cumulative hydrogen production over time and the cumulative biomass
production up to stationary growth are shown in Figure 4.1 along with the corresponding best fits
to the modified Gompertz models. Parameters generated from fitting the modified Gompertz
equations to the data and the calculated rate and yield are presented in Table 4.1. For Hmax, R,
and g VSS when hydrogen production was at its maximum, +/- values represent the standard
errors generated from the best fit solution of the equation to the hydrogen and biomass data. For
the maximum specific hydrogen production rate, +/- values are propagated error values from
calculations made with the best-fit generated parameters. For yield, +/- values represent
propagation of hydrogen and glucose measurement standard deviations from replicate samples.
Of the four Clostridium strains tested, isolates BL-20 and BL-22 produced the largest
total hydrogen volumes (19.4 and 18.2 mL), with the highest rate (2.18 and 2.57 mL • hr-1), the
highest maximum specific hydrogen production rate (245 and 243 mL • g VSS-1 biomass • hr-1),
and the highest yields (1.40 and 1.35 mmol hydrogen • mmol glucose consumed-1) followed by
C. acetobutylicum, and C. butyricum. As a result of the relatively high standard error in biomass
(g VSS) values from the best-fit curve, there is appreciable uncertainty associated with the
specific hydrogen production rates. Under the conditions tested, the maximum specific hydrogen
production rates of strains BL-20 and BL-22 were comparable to C. acetobutylicum and at least
3.2 times greater than that of C. butyricum. Likewise, the yields for BL-20 and BL-22 were
comparable to C. acetobutylicum, and at least 1.6 times higher than C. butyricum (0.731 mmol
hydrogen • mmol consumed glucose-1).
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Figure 4.1: Cumulative hydrogen production data (left) and biomass production (right) with
Gompertz model fit (solid line) for strains (A) BL-20, (B) BL-22, (C) C. acetobutylicum, and (D)
C. butyricum. Error bars denote the range of values from duplicate samples.
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Table 4.1: Summary of Gompertz curve fit data and rate and yield data

Clostridium
strains
BL-20

Hmax
(mL H2)
19.4±0.4

R
(mL H2•hr-1)
2.18±0.24

BL-22

18.2±0.4

2.57±0.30

C. acetobutylicum

12.5±0.5

1.62±0.26

C. butyricum

7.78±0.34

0.62±0.10

Biomass
At Maximum
Hydrogen
Rate
(g VSS)
8.89 × 10-3
± 8.20 × 10-3
1.03 × 10-2
± 1.3 × 10-3
7.54 × 10-3
± 1.13 × 10-2
2.21 × 10-2
± 4.47 × 10-2

Maximum
Specific H2
Production
Rate
(mL H2•hr-1•g
VSS-1)
243 ± 132

Yield
(mmol H2•
mmol glucose-1)
1.40 ± 0.04

245 ± 42

1.35 ± 0.06

216 ± 325

1.20 ± 0.18

27.9 ± 6.5

0.731 ± 0.096

From time zero to the end of the measurements, the pH values of the strains dropped
from 6.0 to a low value of 5.8 for BL-20, BL-22, and C. acetobutylicum, and to 5.6 for C.
butyricum.
4.4 Discussion
Although strains BL-20 and BL-22 were better hydrogen producers than C. butyricum
under the conditions tested in the present study, the data reported here cannot be meaningfully
extrapolated to different experimental conditions. Experimental factors including pH,
temperature, reactor type, media components, and reagent concentrations are all known to affect
hydrogen production rate and yield (Chin et al., 2003; Zhang et al, 2006; Wang & Wan, 2008).
Minimal optimization data has been reported to date for hydrogen production in pure
cultures, and in those studies, generally only a few factors, such as pH and substrate
concentration, have been considered (Heyndrickx et al., 1987; Heyndrickx et al., 1991; Kumar &
Das, 2000; Yokio et al., 1997; Chen et al., 2005; Zhang et al., 2006). Optimal conditions for
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hydrogen production can vary appreciably between different Clostridium species. For example,
Chen et al. (2005) reported that batch cultures of C. butyricum strain CGS5 attained its highest
hydrogen production rate and yield at a pH of 5.5, while Jo et al. (2008) reported that batch
cultures of C. tyrobutyricum strain JM1 produced hydrogen optimally at a pH of 6.5. Therefore,
when uniform experimental conditions are used in pure culture comparisons, growth conditions
are not necessarily optimal for all strains tested. Based on other published data for the same
strains of C. acetobutylicum and C. butyricum tested in this study, the experimental conditions
selected for this experiment were not optimal for their hydrogen production. Lin et al (2007)
reported hydrogen yield values 3.1 times higher and specific hydrogen production rate 15.6 times
higher than those obtained in this study when C. butyricum was studied for hydrogen production
at a higher pH (near neutral), at a higher temperature (35ºC), using a different media and on a
shaker, instead of static incubation conditions (Lin et al., 2007). Additionally, Chin et al. (2003)
reported the optimum operating pH and temperature for fed-batch operation of a hydrogen
producing reactor with a C. acetobutylicum culture was pH of 6.0 and a temperature of 37ºC,
which is 7ºC higher than the temperature used in this experiment. They also reported a hydrogen
yield of 1.7 times higher than that determined in the study reported here.
Comparison of hydrogen production between strains reported in the literature is not only
complicated by differing experimental conditions, it is also complicated by lack of a standard
methodology for calculating maximum hydrogen production rate and lack of consistent system
of units used for reporting results (Levin et al., 2004). Maximum hydrogen production rate (in
mL hr-1) in the present study was calculated from a modified Gompertz curve fit to hydrogen
production data. Some other studies have calculated maximum hydrogen production rate from
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only two data points (Taguchi et al., 1993; Taguchi et al, 1995), while others (e.g., Kumar &
Das, 2000; Minnan et al., 2005) did not provide details regarding calculation procedures.
When hydrogen production rates are normalized with biomass concentrations, various
measures of biomass have been used, including volatile suspended solids, dry cell mass, and
optical density (Brosseau & Zajic 1982; Tanisho et al., 1987; Taguchi et al, 1993; Taguchi et al,
1995; Kumar & Das, 2000; Minnan et al., 2005). Consequently, reported rates do not necessarily
reflect comparable measures. Some studies report specific hydrogen production rates in units of
mL hr-1 • L-1 media (Ewyernie, 2000; Zhang et al., 2006) and others in mmol hydrogen hr-1 • g-1
biomass (Brosseau & Zajic 1982; Taguchi et al, 1993). An additional obstacle in comparing
hydrogen production capabilities of strains in pure culture is that there is not a direct relationship
between hydrogen production rate and hydrogen yield, so optimizing for one doesn’t necessarily
optimize the other (Taguchi et al, 1993; Taguchi et al, 1995).
While there are many factors that complicate meaningful comparisons of experimental
data, hydrogen production rates and yield values published for reportedly high-hydrogenproducing fermentative bacteria in pure culture are presented in Table 4.2. Groundwater isolates
BL-20 and BL-22 evaluated in this study produced hydrogen at a comparable rate and yield to
previously characterized hydrogen-producing species. Yields (mmol hydrogen•mmol glucose
consumed-1) determined in the present study ranged from 0.796 for C. butyricum to 1.40 for BL20, values in the typical range for fermenting bacteria (Logan et al., 2008), but below the high
value of 2.41 reported for C. beijerinckii AM21B (Taguchi et al., 1993). Batch tests often
produce lower yields than continuous fed reactors, a phenomenon that has been attributed to
hydrogen production inhibition caused by pH decline resulting from accumulation of organic
acids formed in fermentation (Logan et al.,2002; Iyer et al.,2004; Oh et al.,2002; Oh et al.,2003).
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Table 4.2: Specific hydrogen production rate and hydrogen yield for various pure
cultures compared to values for strains tested in this study (denoted with an asterisk *).
Experimental conditions for yield values were not necessarily the same as those for rate values.
Yield
(mmol
hydrogen/mmol
glucose)

Organism
Clostridium sp. strain No.2
2.36
(Taguchi et al., 1995)
C. beijerinckii AM21B
2.41
(Taguchi et al., 1993)
Enterobacter cloacae IIT-BT 08
2.2
(Kumar & Das, 2000)
Enterobacter aerogenes st. E82005
1
(Tanisho et al., 1987)
BL-22 *
1.35
BL-20 *
1.4
Klebsiella oxytoca HP1
1
(Minnan et al., 2005)
C. acetobutylicum
1.2
ATCC824/DSM 10702T *
C. pasteurianum
1.5
(Brosseau & Zajic., 1982)
Citrobacter intermedias
1
(Brosseau & Zajic, 1982)
C. butyricum
0.731
ATCC19398/DSM 792T *
†overall rate reported, not maximum.
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Maximum
SpecificHydrogen
Production Rate
mmol/(hr • g VSS)
34
27.1
29.6
11
10.12
10.04
9.6
8.85
2.5†
2.5†
1.15

In the present study, however, the pH decrease during the course of the incubations was a
maximum of 0.4 units. It is not clear whether this moderate pH decline was sufficient to
markedly influence the rate or extent of hydrogen production rate.
Biohydrogen production via fermentation is currently not considered to be economically
because of the low hydrogen yield (Hallenbeck & Benemann, 2002; Hawkes et al., 2002; Nath &
Das, 2004; Kraemer & Bagley, 2007). Presently, maximum reported yield values for
fermentative hydrogen production, are 2 to 3 mol hydrogen per mol glucose (Liu et al., 2005).
Even if the theoretical maximum yield from known fermentation pathways of 4 mol hydrogen
per mol glucose consumed was reached, the yield would likely still be too low to make
fermentative hydrogen production economically feasible (Hallenbeck and Benneman, 2002).
Complete stoichiometric conversion of glucose to a mixture of carbon dioxide and
hydrogen could potentially yield 12 mmol hydrogen per mmol glucose consumed as indicated by
equation 4.5 (Hawkes et al., 2007).
C6H12O6 + 6H2O → 6CO2 + 12H2

[4.5]

The maximum potential yield indicated by equation 4.5, however, is not attained in direct
bacterial culture because further transformation of organic matter (primarily acetic and butyric
acids) that are produced via known metablic pathways is not thermodynamically favorable
(Logan et al., 2008). The recent development of microbial electrolysis cell (MEC) technology,
however, shows promise as a means to improve overall hydrogen yield from biological
processes. In an MEC, a small voltage is applied which provides the energy for microorganisms
to oxidize organic matter and transfer electrons to hydrogen (Liu et al., 2005; Logan et al.,
2008). It is estimated that MECs can produce an additional 5-6 moles of hydrogen from the
fermentation end products, which means a potential total hydrogen yield as high as 8-9 mol
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hydrogen per mol glucose could be realized (Liu et al., 2005). As MEC technology develops
further, hydrogen-producing Clostridium strains such as BL-20 and BL-22 may be able to play a
role in development of a cost effective, environmentally attractive, process for alternative energy
production using renewable feedstocks.
4.5 Conclusions
Under static, batch conditions, at a pH of 6.0 and temperature of 30oC, strain BL-20
produced hydrogen at a maximum specific production rate of 245 mL hydrogen g VSS-1 •
biomass hr-1, and a yield of 1.40 mmol hydrogen • mmol glucose consumed-1. Under the same
conditions, strain BL-22 produced hydrogen at a maximum specific hydrogen production rate of
243 mL hydrogen • g VSS-1 biomass • hr-1, and a yield of 1.35 mmol hydrogen • mmol glucose
consumed-1. Under conditions tested in this study, hydrogen production rates and yields were
higher for strains BL-20 and BL-22 isolated from the PPI site than were observed for reference
strains C. acetobutylicum and C. butyricum.
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CHAPTER 5: FURTHER CHARACTERIZATION OF TWO CLOSTRIDIUM
ISOLATES AND THEIR DESCRIPTION AS NEW SPECIES
5.1 Introduction
Phylogenetic analysis of the bacterial population in the DNAPL source zone area at the
PPI site based on 16S rRNA gene sequences (described in Chapter 2) revealed the presence of
several novel organisms. Of the 18 clone OTUs identified, 15 OTUs, covering 192 of the 195
universal bacterial clone library sequences (98% of the total), shared ≤97% in 16S rRNA gene
sequence identity with previously cultured bacteria (Chapter 2, Table 2.3). Similarly, of the 18
isolate OTUs, 11 OTUs, covering 144 of the 168 bacterial isolate sequences (86% of the total),
shared ≤97% identity in 16S rRNA gene sequences with validly published species (Chapter 2,
Table 2.4). In research described in this chapter, bacteria from two of the OTUs, represented by
strains designated as BL-18, BL-19, BL-20 and BL-28, were characterized using a polyphasic
approach to establish their taxonomic status. For comparative purposes, Clostridium frigidicarnis
(DSM 12271T) obtained from the Deutsche Sammlung von Mikroorganismen und Zellkulturen
GmbH (DSMZ), Braunschweig, Germany, was included in testing.
5.2 Experimental Design
5.2.1

Microorganisms
Strains BL-18, BL-19, BL-20T, and strain BL-28T were isolated by H.S. Bae and W.M.

Moe. BL-18 was isolated on R2A agar (Difco) supplemented with L-cysteine HCl (0.5 g l-1) as a
reductant and resazurin (1.0 mg l-1) as a redox indicator, adjusted to pH 7.0 prior to autoclaving,
and incubated at 30°C in an anaerobic chamber (Coy Laboratory Products) supplied with gas
headspace comprised of 90% N2, 5% CO2, and 5% H2. Strains BL-19 and BL-20T were isolated
on plate count agar (PCA) (Difco) amended with the same supplements and incubation
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conditions. Strain BL-28T was isolated on Columbia anaerobe 5% sheep blood agar (CSBA) (BD
Diagnostics) under the same incubation conditions. Purity of the strains was verified by
microscopy after multiple transfers. Strains were preserved in R2A broth as described in Chapter
3 (Section 3.2.1).
5.2.2

Morphological and Physiological Characterization
All described procedures followed strict anaerobic protocols as described in Holdeman et

al. (1977). Unless stated otherwise, all tests were carried out in duplicate in anaerobic
peptone/yeast extract (PY) broth with 1% (w/v) glucose adjusted to pH 7.0 prior to autoclaving
(Holdeman et al., 1977). Colony morphology was observed after growth on CSBA incubated 48
hr at 37ºC. Cells grown in peptone/yeast extract/glucose (PYG) broth incubated 18 hr at 30ºC
were Gram stained using the method of Johnson et al. (1995). The Gram type was confirmed
using the KOH procedure of Powers (1995). Cell morphology was determined using phase
contrast and differential DIC light microscopy (Nikon Microphot-FXA) and transmission
electron microscopy (JEOL 100-CX TEM). Vegetative cells were imaged after 18 hr incubation,
and spores after five days incubation at 30ºC in anaerobic PYG broth. Motility was assessed by
microscopic observations and stab inoculation of a 0.4% (w/v) semisolid PYG agar incubated at
37ºC (Gerhardt et al., 1981).
The temperature range for growth was assessed in PYG broth incubated at temperatures
ranging from 4-50ºC for 21 days. Salinity range for growth was tested in PYG broth amended
with 1%, 2%, 3%, 4%, 5%, and 6% (w/v) NaCl incubated at 30ºC for 14 days. The pH range for
growth was assessed at 25ºC in PYG medium buffered as described by Lee et al. (2007) with 14
days of incubation. Ability of strains to grow in PYG medium with no oxygen, with 5% oxygen,
and 21% oxygen in the headspace was assessed with incubation at 37ºC for seven days. Ability
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to utilize cellobiose, microgranular cellulose (Sigma), and Avicel microcrystalline cellulose (type
PH-105, lot no. 50630C, FMC BioPolymer) was evaluated in modified CM3 medium prepared
as described by Ren et al. (2007), adjusted to pH 6.5, and incubated at 30 ºC for 21 days.
Exponentially growing cultures diluted to 0.05 absorbance units were used for inoculation (2%
v/v). Growth was measured spectrophotometrically at 600 nm (Evolution 60, Thermo Scientific).
Cultures exhibiting absorbance ≥0.05 units higher than uninoculated negative controls were
recorded as positive for growth.
Ability of the strains to utilize various substrates was determined in duplicate in
anaerobic PY broth as described by Holdeman et al. (1977) with 1% (m/v) concentration of
cellobiose, dextran, fructose, galactose, glucose, inositol, inulin, lactose, maltose, mannitol,
raffinose, rhamnose, salicin, sorbitol, sorbose, sucrose, and xylose, and with 0.5% (m/v)
concentrations of adonitol, arabinose, and trehalose. Growth was evaluated by a decrease in pH,
as described in Holdeman et al. (1977), after incubation at 30ºC for 10 days.
Tests for gelatin, aesculin, and starch hydrolysis, lecithinase and catalase activity, milk
reaction, and hydrogen sulfide production were performed following methods described
previously (Holdeman et al., 1977). Additional biochemical features were tested using the Rapid
ID 32A system (bioMérieux) according to the manufacturer’s recommended protocol.
Fermentation products were determined in PYG broth incubated at 30ºC for six days.
Exponentially growing cultures diluted to 0.05 absorbance units were used to inoculate (2% v/v)
serum bottles containing 100 mL liquid medium and 60 mL gas headspace. Acetate, butyrate,
formate, lactate, propionate, and pyruvate were analyzed by ion chromatography (DX500,
Dionex) as described by Lin et al. (2007). Ethanol and butanol were determined using purge and
trap gas chromatography with a flame ionization detector as described by Yan et al. (2009). Gas
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production volume was measured as described by Owen et al. (1979). Hydrogen and carbon
dioxide concentrations in the headspace gas were analyzed by gas chromatography as described
by Van Ginkel & Logan (2001).
Hydrogen yield from glucose fermentation was assessed as described by Van Ginkel &
Logan (2001) but with the medium supplemented with yeast extract (0.5 g l-1) and resazurin (1.0
mg l-1), and pH adjusted to 7.0 prior to autoclaving.
5.2.3

Chemotaxonomic and Genotypic Properties
For cellular fatty acids analyses, cells grown in PYG broth at 30ºC were harvested in

mid-exponential growth phase by centrifugation at 8000×g for 15 min. Cellular fatty acids were
extracted from the cell pellet, saponified, and methylated at the BCCM/LMG (Ghent, Belgium)
following the Sherlock Microbial Identification System recommended protocol (MIDI), then
analyzed by gas chromatography (Sasser, 1990). Compounds were identified using the MIDI
MOORE library ver. 5.0 (for VPI broth grown anaerobes in PYG broth). Genomic DNA mol%
G+C content was determined at the BCCM/LMG using the HPLC technique of Mesbah et al.
(1989).
Genomic DNA mol% G+C content was determined at the BCCM/LMG using the HPLC
technique of Mesbah et al. (1989).
5.2.4

Phylogenetic Characterization
Genomic DNA extraction, PCR, and sequencing of 16S rRNA genes was performed as

described in Chapter 2 (Sections 2.2.5-2.2.6). Resulting sequences were manually verified.
Pairwise nucleotide similarity values were obtained from EzTaxon analysis on nearly complete
sequences for BL-20 T (1454 bp) and BL-28 T (1452 bp) (http://www.eztaxon.org/; Chung et al.,
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2007). A phylogenetic tree was constructed using the method described in Chapter 2 (Section
3.2.4).
5.3 Results
On CSBA medium, strains BL-18, BL-19, and BL-20T formed colonies that were circular
with entire margins, convex, creamy opaque, and 1.5 to 3.5 mm in diameter after 48 h at 37ºC.
Under the same conditions, strain BL-28T formed colonies that were irregular with undulate to
lobate margins, convex, creamy white, semi-opaque to translucent, and 3 to 6 mm in diameter.
All four strains also grew well on anaerobic PCA.
Cells of strains BL-18, BL-19, and BL-20T were Gram-positive staining motile rods 0.71.1 µm in diameter and 2.0-5.5 µm in length, with peritrichous flagella. A transmission electron
microscope (TEM) image of two BL-20T vegetative cells is shown in Figure 5.1. Spores of BL18, BL-19, and BL-20T were oval and subterminal. Cells of BL-28T were Gram-positive staining
rods, 0.4-1.0 µm in diameter and 2.2-10.0 µm in length, with oval, terminal spores. A TEM
image of a BL-28T vegetative cell is shown in Figure 5.2. Motility of BL-28T cells was not
observed with light microscopy and no flagella were observed through TEM. In stab inoculation
of semisolid PYG agar, however, strain BL-28T grew quickly throughout the media.
The temperature range for growth of strain BL-18, BL-19, and BL-20T was 15ºC to 40ºC,
with optimum growth between 30ºC and 40ºC. No growth was detected at 10ºC or 43ºC. Strain
BL-28 T grew between 15ºC to 46ºC, with optimum growth between 37ºC and 46ºC. Growth was
not observed at 10ºC or 50ºC.
Strains BL-18, BL-19, and BL-20T grew in NaCl concentrations ranging from 0% to 5%;
no growth was detected in the presence of 6% NaCl. BL-28T grew in 0-3% NaCl, but not in 4%
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Figure 5.1: Transmission electron microscope image of vegetative BL-20Tcells.

Figure 5.2: Transmission electron microscope image of vegetative BL-28Tcells.
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NaCl. All four strains grew optimally when no additional NaCl was supplemented to the PYG
media.
The pH range for growth of strains BL-18, BL-19, and BL-20T was 5.0-10.0, with
optimum growth at all pH values between 6.9 and 8.9. Growth was not detected at pH ≤4.0 or at
pH ≥11.0. The pH range for growth of BL-28T was 6.0-8.5, with optimum between pH 6.9 and
8.0. No growth was observed at pH ≤5.0 or pH ≥9.0.
In PYG medium, all strains grew well in the absence of oxygen and in the presence of 5%
oxygen (tested with five consecutive transfers). None of the strains grew in the presence of
atmospheric oxygen levels (21% v/v).
Physiological properties of strains BL-18, BL-19, and BL-20T were identical and are
contained in Table 5.1 and in the species description at the conclusions of this chapter (Section
5.4.1). Cellular fatty acids of BL-20T and BL-28T are listed in Table 5.2 and Table 5.3
respectively. Other physiological properties of strain BL-28T are described in the species
description (Section 5.4.2).
The end products of PYG fermentation for strain BL-20T included acetate (13.1 mM),
butyrate (2.0 mM), formate (2.1 mM), ethanol (0.4 mM) and trace amounts (<0.1 mM) of
butanol. For BL-28T, end products of PYG fermentation were acetate (4.9 mM), butyrate (4.8
mM), and pyruvate (1.6 mM), and trace amounts (<0.1 mM) of ethanol and butanol. Hydrogen
and carbon dioxide accumulated in the headspace as fermentation products for all strains tested.
The yield (mol hydrogen produced per mol glucose consumed) was 1.44 for BL-20T and 1.07 for
BL-28T.
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Table 5.1: Properties that differentiate BL-20T from C. frigidicarnis DSM 12271T
+, positive; -, negative; NR, not reported. All data were determined in this study except for the
DNA mol % G+C content which was reported previously (Broda et al., 1999).

Characteristic
Size (µm)
DNA G+C content (mol%)
Lowest temp (ºC) observed
for growth
Utilization of
Salicin
Sorbitol
Trehalose
Milk reaction
Lecithinase activity
α-glucosidase activity
β-glucosidase activity
Proline arylamidase activity

0.7-1.1 × 2.0-5.5
30.4

C. frigidicarnis
DSM 12271T
1.2-1.6 × 4.3-8.7
27.3

15

4

+
Curdled
+
+
-

+
+
Curdled/Digested
+
+

BL-20T

The DNA mol% G+C content of strains BL-20T and BL-28T determined by HPLC were
30.4% and 28.5% respectively
Nearly complete 16S rRNA gene sequences were determined for all four strains. As seen
in the phylogenetic tree in Figure 5.3, all four strains placed within the radiation of cluster I of
the genus Clostridium as defined by Collins et al. (1994). Sequences of BL-18, BL-19, and BL20T were identical to each other and are most closely related to Clostridium frigidicarnis DSM
12271T (97.2% identity), C. septicum ATCC 12464T (94.7%), and C. chauvoei ATCC 10092T
(94.7%). On the basis of 16S rRNA gene sequences, strain BL-28T was found to be only
distantly related to previously described Clostridium species. The highest sequence identity of
strain BL-28T was with C. amylolyticum SW408T (95.2%), C. sartagoforme DSM 1292T
(95.1%), Anaerobacter polyendosporous (94.8%), C. diolis DSM 5431T (94.7%), and C. tertium
DSM 2485T (94.7%). Strain BL-28T, however, branched with C. cellulovorans DSM 3052T on
the phylogenetic tree, and shared only 94.5% identity.
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Table 5.2: Comparison of cellular fatty acid composition (% of total) of strains BL-20T
and C. frigidicarnis (DSM 12271T). Fatty acids occurring at less than 1% are not listed.

C12:0 iso
C12:0
C13:0 iso
C13:0 anteiso
C14:0 iso
C14:0

1.3
2.3
16.2
12.1
5.1
6.4

C. frigidicarnis
DSM 12271T
1.1
2.8
37.2

C14:0 DMA◊
C15:0 iso
C15:0 anteiso
Summed Feature 4*
C16:0 aldehyde
C15:0 iso DMA◊
Summed feature 13†
C16:0 iso
C16:1 ω9c
C16:1 ω7c
C16:1 ω5c
C16:0
C16:0 DMA◊
C16:1 ω7c DMA◊
C17:0 iso
C17:0 anteiso
C18:0

1.6
11.0
10.0
1.0
2.0
1.2
1.4
12.9
4.4
2.2
1.5
1.8

2.0
2.3
1.5
1.7
26.8
3.3
13.2
3.4
-

Fatty acid

BL-20T

◊

DMA: abbreviation for dimethyl acetal
*Summed Feature 4: Unknown peak 14.762/C15:2/C15:1 ω8c
†Summed Feature 13: C15:0 anteiso DMA/C14:0 2OH
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Table 5.3: Percent cellular fatty acid composition of strain BL-28T. Fatty acids occurring
at less than 1% are not listed.

Fatty acid
C10:0
C12:0
C11:0 DMA◊
C13:0 iso
Summed Feature 1*
C14:0 iso
C14:1 ω5c
C14:0
C14:0 DMA◊
C15:0 iso
C16:0 aldehyde
C16:1 ω7c
C16:1 ω5c
C16:0
C16:1 ω7c DMA◊
C16:0 DMA◊
◊

BL-28T
2.9
10.3
2.3
1.8
3.0
1.4
1.3
25.0
11.9
1.4
2.2
9.0
2.2
11.8
1.3
7.7

DMA: abbreviation for dimethyl acetal
*Summed Feature 1: C13:1 at 12-13/C14:0 aldehyde/C11:1 2OH
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Figure 5.3: Phylogenetic tree showing the relatedness of strains BL-20Tand BL-28T to species in
the genus Clostridum based on 16S rRNA gene sequences. Bar represents 1 nucleotide
substitution per 100 positions. Bootstrap values for nodes with significant support (>90%) are
indicated by numbers located at branching points.
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5.4 Discussion
The phenotypically heterogeneous Clostridium genus is one of the largest genera of
bacteria because the genus is broadly defined as Gram-positive staining, anaerobic, rod-shaped
spore-formers with fermentative metabolism that do not carry out dissimilatory sulfate reduction
(Cato et al., 1986). Several species have been included in the genus even though not all of the
phenotypic properties match the genus description. For example, some Clostridium species such
as C. tertium, C. carnis, C. histolyticum and C. intestinales are able to grow in the presence of air
at atmospheric pressure (Allen, 1985; Lee et al., 1989). Additionally, several Clostridium species
are Gram-positive staining only in young cultures, some stain negative at all stages of growth
despite the cell wall being the Gram-positive type (e.g. C. symbiosum), and some strains do not
sporulate under laboratory conditions (Bahl & Dürre, 2001).
Phenotypically, strains BL-20T and BL-28T fall within the Clostridium genus because
they have rod-shaped cells that form spores, stain Gram-positive, and exhibit fermentative
metabolism. They grow anaerobically, but like some other described Clostridium species, they
are able to tolerate oxygen.
Phylogenetic analysis of the 16S rRNA gene sequence of Clostridium members reveals
that many species are unrelated and fall into distinct clusters (Collins et al., 1994). Studies show
that based on 16S RNA gene sequence comparisons, the type strain, C. butyricum, forms the
focus of the distinct cluster I of the clostridia, as defined by Collins et al. (1994), and that despite
some phenotypic diversity, cluster I is generally accepted as the genus Clostridium sensu stricto
(Johnson & Francis, 1975; Collins et al., 1994, Wiegel et al., 2006; Gupta RS & Gao B, 2009).
The 16S rRNA sequences of strains BL-20T and BL-28T fall within cluster I of the genus
Clostridium, with 97% or less similarity to previously described Clostridium species.
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Based on their identical phenotypes and 16S rRNA gene sequences, strains BL-18, BL19, and BL-20T are assigned to the same species, represented by the type strain, BL-20T. The
clustering of BL-20T with C. frigidicarnis is supported by a bootstrap value of 100%. Strain BL20T is clearly differentiated from its closest phylogenetic relative, C. frigidicarnis, based on cell
size, genotypic, and physiological differences (Table 5.1). Further differences are evident in
cellular fatty acid profiles of BL-20T and C. frigidicarnis, when grown under identical conditions
(Table 5.2). Of the major cellular fatty acids produced (≥10%), only C16:0 (12.9% for BL-20T,
13.2% for C. frigidicarnis) was produced by both stains. The other primary fatty acids produced
by strain BL-20T were C13:0 iso (16.2%), C13:0 anteiso (12.1%), C15:0 iso (11.0%), and C15:0
anteiso (10.0%). In contrast, C. frigidicarnis contained high proportions of C14:0 (37.2%), and
C16:1 ω7c (26.8%).
16S rRNA gene sequence analysis revealed that BL-28T branched with C. cellulovorans,
but the pairwise sequence identity of BL-28T with C. cellulovorans was lower (94.5%) than with
other Clostridium relatives (e.g., C. amylolyticum SW408T (95.2%)). Low bootstrap support
(44%) for the branching provides further evidence that strain BL-28T is phylogenetically
divergent from C. cellulovorans and other Clostridium cluster I members. Based on reported
characteristic for the closest phylogenetic relatives of BL-28T, BL-28T appears to be
phenotypically unique as well (Table 5.4). In particular, BL-28T BL-28T may be differentiated
from C. cellulovorans on the basis that the latter grows on cellulose, galactose, lactose, and
sucrose (Sleat et al., 1984), while BL-28T did not utilize these substrates. Additionally, BL-28T
grew on trehalose, but C. cellulovorans does not. It should be noted however, that reported
characteristics obtained using other methods than those used in this study may not be
comparable.
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Table 5.4: Characteristics that distinguish strain BL-28T from its phylogenetic relatives;
Strains: 1, BL-28T; 2, C. sartagoforme DSM 1292T (data from Holdeman et al., 1977); 3, C.
tertium DSM 2485T (data from Holdeman et al., 1977); 4, C. quinii DSM 6736T (data from
Svensson et al., 1995); 5, C. chauvoei ATCC10092T (data from Holdeman et al., 1977); 6, C.
amylolyticum SW408T (data from Song & Dong, 2008); 7, C. carnis ATCC 25777T (data from
Holdeman et al., 1977); 8, C. fallax ATCC 19400T (data from Holdeman et al., 1977); 9, C.
saccharoperbutylacetonicum DSM 14923T (data from Keis et al., 2001); 10, C. septicum
ATCC12464T (data from Holdeman et al., 1977); 11, C. intestinale DSM 6191T (data from Lee
et al., 1989); 12, C. cellulovorans DSM 3052T (data from Sleat et al., 1985); 13, C. diolis DSM
15410T (data from Biebl & Spröer, 2002); 14, C. puniceum DSM 2619T (data from Lund et al.,
1981); 15, C. disporicum DSM 5521T (data from Horn, 1987); 16, C. isatidis WV6T (data from
Padden et al., 1999)
Character
% identity
with BL-28T
Fermentation
of:
fructose
galactose
lactose
mannitol
salicin
sorbitol
sorbose
sucrosetrehalose
xylose
Gelatin
hydrolysis
Lecithinase
activity
Starch
hydrolysis

1

2

3

4

5

6

7

8

9

10

11

12

13

14 15

16

-

95

95

95

94

94

94

94

94

94

94

94

94

94 94

94

w
+
+
-

+
+
+
(w)
(+)
(-)
(-)
+
(+)
(w)

+
+ (w) +
v (+) NR (+)
(+) + (w) + (w) (w) NR (+)
(+)
- (w) +
(-) (w) + (+)
(w) +
+
+
(+) +
- NR w
+ (w)
(-)
(-) NR (-) NR (-) NR (-) NR (-)
+
+ (w) + (w) +
(+) NR (-)
+
(-)
+
v
v
+
(-)
(-)
+
(-)

+
w
+
+
+
+
+
+
-

+
+
+ +
+
+
+ +
+
+
+ +
NR + (-) +
NR +
+ +
w
- NR NR - NR
+ NR + +
+
+ +
+
+ +

-

(-)

(-)

-

+

-

-

(-)

+

+

NR

+

-

-

-

-

NR

-

-

NR

-

-

-

(-)

(-)

NR

-

+

-

-

NR

(-)

-

-

-

NR NR
-

NR

+

-

-

-

-

-

+

+

-

+, positive; -, negative; w, weakly fermented; NR, not reported.
(+) most strains positive, (-) most strains negative, (w) most strains weakly fermented
V, variable
NR, not reported in reference
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+
+
+
+
NR
+
+
-

On the basis of phylogenetic, chemotaxonomic and phenotypic features determined in
this study, it is proposed that strains BL-20T and BL-28T each represent novel species within the
genus Clostridium. The names proposed for these new species are Clostridium hydrogeniformans
with type strain BL-20T and Clostridium cavendishii with type strain BL-28T. Proposed species
descriptions are as follows.
5.4.1

Description of Clostridium hydrogeniformans Sp. Nov.
Clostridium hydrogeniformans (hy.dro.ge.ni.for'mans. N.L. n. hydrogenum, hydrogen; L.

part. adj. formans, formans, forming; N.L. part. adj. hydrogeniformans, hydrogen-forming).
Cells of C. hydrogeniformans are Gram-positive staining, motile rods (0.7-1.1 µm × 2.05.5 µm), with peritrichous flagella. They form oval, subterminal spores. Colonies grown on
CSBA are convex, circular, creamy, and opaque with entire margins. Strains are aerotolerant
anaerobes. C. hydrogeniformans grows in the temperature range of 15-40ºC, with optimum
growth between 30ºC and 40ºC. In PYG medium, it grows at NaCl concentrations up to 5%
(w/v). The pH range for growth at 25ºC is 5.0 to 10.0, with optimum between 6.9 and 8.9. C.
hydrogeniformans ferments cellobiose, fructose, galactose (weak), glucose, maltose, and salicin,
but not adonitol, arabinose, cellulose, dextran, inositol, inulin, lactose, mannitol, rhamnose,
sorbitol, sorbose, sucrose, trehalose, and xylose. In the Rapid ID 32A system, positive results are
observed for D-mannose and D-raffinose (weak) fermentation and for α-glucosidase, ßglucosidase, and pyroglutamic acid arylamidase activity. All other tests are negative in the Rapid
ID 32A system. C. hydrogeniformans hydrolyzes gelatin and aesculin but not starch or urea. It
produces hydrogen sulfide, but does not produce indole. It tests negative for lecithinase and
catalase activity. It does not reduce nitrate to nitrite. C. hydrogeniformans curdles milk. Products
of PYG fermentation by C. hydrogeniformans are acetate, butyrate, formate, hydrogen, carbon
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dioxide, and ethanol. Dominant cellular fatty acids of cells grown in PYG medium at 30ºC are
C13:0 iso, C16:0, C13:0 anteiso, C15:0 iso, and C15:0 anteiso. It grows and produces hydrogen in the
presence of near saturation concentrations of tetrachloroethene (1.1 mM) and high concentrations
of 1,2-dichloroethane (22.2 mM) and 1,1,2-trichloroethane (4.9 mM).
The type strain BL-20T (=DSM 21757T =NRRL B-51348) was isolated from
groundwater. The DNA mol % G+C content for the type strain of C. hydrogeniformans is 30.4.
5.4.2

Description of Clostridium cavendishii Sp. Nov.
Clostridium cavendishii (ca.ven.di'shi.i. N.L. masc. gen. n. cavendishii, of Cavendish,

named after Henry Cavendish, the British chemist who has been credited with discovery of
hydrogen).
Cells of C. cavendishii are Gram-positive staining, rods (0.4-1.0 µm × 2.2-10.0 µm) that
form terminal spores. Colonies grown on CSBA are irregular with undulate to lobate margins,
convex, creamy white, and semi-opaque to translucent. It is an aerotolerant anaerobe. Its
temperature range for growth is 15-46ºC, with optimum growth between 37ºC and 46ºC. In PYG
medium, C. cavendishii grows in the presence of up to 3% (w/v) NaCl. The pH range for growth
at 25ºC is 6.0-8.5, with optimum between 6.9 and 8.0. C. cavendishii ferments cellobiose,
dextran, fructose (weak), glucose, maltose, salicin, and trehalose but not adonitol, arabinose,
cellulose, galactose, inositol, inulin, lactose, mannitol, raffinose, rhamnose, sorbitol, or sucrose.
In the Rapid ID 32A test system, C. cavendishii tests positive for ß-galactosidase (weak), αglucosidase and pyroglutamic acid arylamidase activity, but results are negative for all other tests
in the Rapid ID 32A system. It hydrolyzes esculin, but not gelatin, starch, or urea. C. cavendishii
does not produce hydrogen sulfide or indole. It tests positive for lecithinase but not catalase. It
does not reduce nitrate to nitrite, and does not curdle or digest milk. End products of PYG
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fermentation include acetate, butyrate, pyruvate, hydrogen, and carbon dioxide. Dominant
cellular fatty acids from C. cavendishii in PYG medium at 30ºC are C14:0 , C14:0 DMA, C16:0 , and
C12:0. Produces hydrogen when grown in the presence of near saturation concentrations of PCE
(1.1 mM) and high concentrations of 1,2-dichloroethane (19.8 mM) and 1,1,2-trichloroethane
(7.4 mM).
The type strain BL-28T (=DSM 21758T =NRRL B-51352), was isolated from
groundwater. The DNA mol % G+C content for the type strain of C. cavendishii is 28.5.
5.5 Conclusions
On the basis of phylogenetic, chemotaxonomic and phenotypic features determined in
this study, it was determined that bacterial isolates represent new species within the genus
Clostridium. Deposition of the proposed types strains of these new species in public culture
collections will make them available for further study by the scientific and engineering
communities.
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE
RESEARCH
6.1 Conclusions
Research described in this dissertation involved a variety of experiments conducted to
characterize the bacterial population in the DNAPL source zone at the PetroProcessors of
Lousiana, Inc. Superfund Site. Groundwater analysis revealed a total aqueous-phase chlorinated
solvent concentrations exceeding 1000 mg/L, including chloroethanes, vinyl chloride, 1,2dichloropropane, and hexachloro-1,3-butadiene as the primary contaminants. Direct counting of
DAPI stained cells via microscopy revealed that despite moderately acidic conditions (pH 5.1)
and high aqueous-phase concentration of a variety of chlorinated aliphatic contaminants (>1000
mg/L total), more than 3×107 cells/mL, were present in the groundwater. LIVE/DEAD BacLight
microscopy counts revealed that 58% of the total cells were intact and potentially viable.
A clone library was constructed and analyzed using universal bacterial primers targeting
16S rRNA gene sequences. Universal clones with sequence similarity greater than or equal to
97.0% were grouped into 18 OTUs. These spanned four phyla, with Firmicutes (62%) and
Actinobacteria (36%) having the largest representation, distantly followed by Proteobacteria
(1.5%), and Chloroflexi (0.5%). One of the OTUs, shared 99.8% sequence identity with
“Dehalococcoides” sp. strain VS, a bacterium able to reductively dechlorinate DCE and vinyl
chloride to ethene (Cupples et al., 2003). A second clone OTU shared 97.2% sequence identity
with “Desulfuromonas michiganensis”, an acetotrophic anaerobe that reductively dechlorinates
1,1,2,2-TeCA (Sung et al., 2003), a contaminant detected at high concentrations in the PPI
groundwater measured in this study, to an endproduct of cis-DCE. Detection of sequences
closely related to “Dehalococcoides” and “Desulfuromonas michiganensis” at the PPI site where
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DNAPL is present supports the notion that contaminant degradation is probably occurring in
groundwater near the DNAPL source, a phenomenon previously demonstrated in laboratory
studies. This is particularly true in the case of “Dehalococcoides” spp., because chlorinated
solvents are the only class of compounds known to serve as their terminal electron acceptors.
The results described herein further expanded the pH habitat and geographic range over which
“Dehalococcoides” spp. have been detected.
A large majority of the universal clone sequences (98% of the total, comprising 15
OTUs) were distantly related to previously cultured or described organisms (less than 97.0%
similar). Consequently, it is impossible to fully elucidate what function bacteria represented by
these OTUs may serve within the microbial population and what contribution, if any, they may
play in biotransforming contaminants found at the PPI site. It is interesting to note, however, that
ten of the 18 universal clone OTUs, comprising 162 clones (83%), were most closely related to
genera known to exhibit fermentative and/or hydrogen-producing capabilities. Fermentative and
hydrogen-producing bacteria are generally thought to play an important syntrophic role in the
biodegradation of chlorinated solvents by producing compounds used as electron donors by
dechlorinating bacteria.
Experimental work to enumerate and characterize the microbial population also involved
plate counts and phylogenetic analysis of isolates. The fact that direct cell counts via microscopy
were four orders of magnitude higher than plate counts demonstrates that a relatively low
percentage (<0.1%) of the microbial community can be cultured using the techniques employed
in this study. This is further supported by the fact that of the 18 OTUs in the universal clone
library, only three were represented by cultured isolates, and it is consistent with previous reports
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that the majority of bacteria are not enumerated using standard plate count techniques (Amann et
al., 1995).
The 16S rRNA gene sequences of 168 anaerobically grown isolates were
phylogenetically analyzed. These grouped into 18 OTUs that were distributed among three
phyla: Actinobacteria (73%), Firmicutes bacteria (20%), and Proteobacteria (7%). Ten of the
OTUs were distantly related to previously described species (≤97.0% sequence identity). Isolates
representing nine OTUs of the isolate library that clustered within the genus Clostridium were
characterized along with nine Clostridium type strains to determine their ability to perform
reductive dechlorination, produce hydrogen, and grow in the presence of chlorinated solvents
(DCA, TCA, and PCE). None of the Clostridium strains biotransformed chlorinated solvents
under the conditions tested. Results demonstrated, however, that many Clostridium species are
able to produce hydrogen even in the presence of high concentrations of DCA, TCA, and PCE.
Data reported here expand the classes of solvents that members of the genus Clostridium
are known to tolerate beyond alcohols and ketones to include both chlorinated aliphatic alkanes
(DCA, TCA) and alkenes (PCE). It also markedly expands the solvent log Kow range which
members of the genus are known to tolerate. The non-chlorinated solvents that Clostridium
species have been previously shown to tolerate (acetone, butanol, and ethanol) have markedly
lower log Kow values (-0.24, -0.32, and 0.88, respectively) (Alvarez & Illman, 2006) than DCA,
TCA, and PCE (log Kow 1.48, 2.47, and 2.60, respectively). The ability of Clostridium strains to
produce hydrogen in the presence of these latter compounds, with log Kow values in the range
generally toxic to microorganisms (Inoue & Horikoshi, 1991; Sikkema et al., 1994 Kieboom &
de Bont, 2000), is of great practical importance because many bacterial taxa capable of reductive
dechlorination require exogenous supply of hydrogen as an electron donor (DiStefano et al.,
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1992; Ballapragada et al., 1997; Maymó-Gatell et al., 1999). Results from this study
demonstrated that many Clostridium species are able to produce hydrogen in the presence of
high chlorinated solvent concentrations. As such, they may play an important role in facilitating
chlorinated solvent bioremediation.
In addition to their potential role in anaerobic biotransformation of chlorinated solvents
(because of their putative role in providing electron donors for anaerobic dehalorespiration),
fermentative hydrogen-producing bacteria could potentially serve as a method for producing
hydrogen as a source of renewable energy for human use. As a fuel, hydrogen is an attractive
option both because it has high energy content and because its reaction with oxygen in a fuel cell
results in the environmentally benign final product of water. To further assess the hydrogenproducing ability of two Clostridium isolates obtained from the PPI site, experiments were
conducted to determine the rate and yield of hydrogen production using glucose as the substrate.
For comparative purposes, two Clostridium type strains representing species with reportedly high
hydrogen production abilities were also tested, C. acetobutylicum (DSM 792T) and C. butyricum
(DSM 10702T). The two PPI isolates produced hydrogen at a rate and yield comparable to other
pure cultures studied previously for fermentative hydrogen production. While further work is
necessary to determine optimal hydrogen production conditions, these strains may prove useful
in future research aimed at hydrogen production for renewable energy purposes.
To clarify their taxonomic positions, four hydrogen-producing, aerotolerant, anaerobic
bacterial strains isolated from chlorinated solvent contaminated groundwater were characterized
using a polyphasic approach. Three of the strains, designated as BL-18, BL-19, and BL-20T,
were found to be identical in 16S rRNA gene sequences and in phenotypic properties. Cells of
these strains are Gram-positive staining, spore-forming, motile rods with peritrichous flagella.
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These isolates can be differentiated from their closest phylogenetic relative, Clostridium
frigidicarnis (97.2% similar in 16S rRNA gene sequence), based on phenotypic and
chemotaxonomic properties. The other strain characterized in this study, BL-28T, was Grampositive staining with spore-forming, rod-shaped cells. Phylogenetic analysis based on the 16S
rRNA gene revealed that strain BL-28T clusters in the genus Clostridium, but with ≤95.2%
identity 16S rRNA gene sequences with previously described species. On the basis of results
presented here, strains BL-20T (=NRRL B-51348T =DSM 21757T) and BL-28T (=NRRL B51352T =DSM 21758T) have been proposed as type strains of novel species of the genus
Clostridium with the names Clostridium hydrogeniformans sp. nov. and Clostridium cavendishii
sp. nov., respectively.
Collectively, data reported in this dissertation demonstrated that large numbers of novel
bacteria are present in groundwater within the DNAPL source zone at the PPI site, and the
population appears to have the bacterial components necessary to carry out reductive
dechlorination in spite of the spite acidic conditions and saturation or near-saturation
concentrations of chlorinated solvents.
6.2 Recommendations for Future Research
Phylogenetic analysis of 16S rRNA gene sequences obtained using universal bacterial
primers indicates that there are several bacterial taxa present in the DNAPL source zone that are
distantly related to previously cultured and described organisms. Further research to isolate
these microbial groups is recommended. Characterization of these additional microbial groups
may provide insights into the potentially important functions that these bacteria may play in
contaminant biotransformation in the DNAPL source zone at the PPI site and other areas
contaminated with chlorinated solvent DNAPLs.
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Data suggest that Clostridium species have the metabolic potential to play an important
role in the microbial community associated with the DNAPL source zone at PPI and other sites.
Further research is needed, however, to unequivocally determine their functions in-situ. For
example, reverse transcriptase PCR of mRNA transcripts of hydrogenase genes could be used to
confirm in-situ hydrogen production. A similar approach could be used to determine if
Clostridium species are metabolically active (rather than being present only as spores).
Quantitative real-time PCR (qPCR) could be employed to determine the abundance of
Clostridium species within the soil and groundwater population.
Strains BL-20T (the proposed type strain of the new species Clostridium
hydrogeniformans) and BL-22 show potential as a source of biologically produced hydrogen
through fermentation. Further research to ascertain conditions for optimal maximum rate and
yield of hydrogen production is recommended.

These data could help to establish design

parameters for hydrogen-producing bioreactors and ultimately aid in determining the economic
viability of using these strains to produce hydrogen from biomass feedstocks. Further study of
the hydrogen production potential of other Clostridium isolates and reference strains (i.e. BL-3,
BL-8, and C. diolis) is also suggested because they produced a relatively large amount of
hydrogen in the absence of chlorinated solvents.
Comparatively little research has been published to date regarding characterization of insitu dechlorinating populations at DNAPL contaminated groundwater sites. It is anticipated that
as the body of knowledge increases, such data will contribute to a better understanding of
bacterial structure-function relationships in-situ. Ultimately, this has the potential to aid in
selection of feasible and appropriate remediation approaches at the PPI site and other sites
contaminated by chlorinated solvents.
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